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(57) Abstract 

Multifunctional, polyionic copolymers are synthesized 
on/or applied to substrate surfaces for analytical and sensing v ^ b 

purposes, the coatings being particularly useful for suppres- J 
sion of non-specific interaction, adsorption or attachment. 
Groups can be coupled to, integrated into or absorbed to the 
multifunctional polymer that are able to recognize, interact 
with and bind specifically to target analyte molecules. These 
materials can also be used to modulate biological interactions 
upon substrate surfaces for use as selective implant surfaces 
that resist cell attachment and may optionally promote the 
attachment of specific cell types or induce a particular cel- 
lular behaviour. The multifunctional polymer coatings typ- 
ically include brush copolymers based on a polycationic or 
polyanionic backbone with side chains that control interac- 
tion with the environment, such as poly(ethylene glycol) or 
poly(ethylene oxide)-based side chains that decrease cellular 
adhesion, and analyte-specific side chains. 
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POLYIONIC COATINGS IN ANALYTIC AND SENSOR DEVICES 

Background of the Invention 

5 This application is in the general area of polymeric coating materials 

which can be applied to surfaces of substrates used in analytical and sensing 
devices to promote specific recognition of the target analyte while 
minimizing non-specific adsorption of other molecules in the sampling 
solution. 

1 0 There is a need to improve the selectivity and sensitivity of 

bioaffinity and diagnostic sensors, especially for use in screening assays and 
libraries for DNA/RNA and proteins. A common approach to diagnostic 
sensor design involves the measurement of the specific binding of a 
particular component of a physiological sample. Typically, physiological 

] 5 samples of interest (e.g. blood samples) are complex mixtures of many 

components that all interact to varying degrees with surfaces of diagnostic 
sensors. However, the aim of a diagnostic sensor is to probe only the 
specific interaction of one component while minimizing all other unrelated 
interactions. In the case of sensors in contact with blood, proteins, 

20 glycoproteins and/or saccharides, as well as cells, often adsorb non- 
specifically onto the sensor surface. This impairs both selectivity and 
sensitivity, two highly important performance criteria in bioaffinity sensors. 

A variety of materials and surfaces is used in analytical and sensor 
devices, such as glass, silicon wafers, metals or metallized surfaces and metal 

25 oxides as bulk or coating materials. The choice of the materials is closely 
related to the particular sensing technique used. If surface plasmon 
resonance is used as an analytical or sensing method, the chips will consist of 
a substrate coated with a metal such as gold. In the case of analytical or 
sensor chips to be used in combination with specific optical detection 

30 techniques, such as fluorescence spectroscopy, optical waveguide techniques 
or a combination of the two, optically transparent substrates and/or coatings 
are often needed. Metal oxides or metal oxide coatings are particularly 
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suitable in such cases, in view of their stability, inertness and optical 
transparency. Polymeric materials are traditionally used for applications in 
lateral flow assays or multiwell plate assays. Glass or silicon based 
materials are often used for capillary electrophoresis applications. Both 
polymeric and glass type materials are used in fiberoptics. 

Independent of the analytical or sensing technique used, there is a 
basic need for surface modification of the chips, as these materials and 
surfaces do not have the necessary properties in terms of controlled 
adsorption phenomena in a given detection or sensing application. There is a 
need for simple, cost-effective treatment materials and methods that 
effectively reduce non-specific interactions at or adsorption onto metal 
oxide-based sensor surfaces while introducing a specific binding interaction 
with the target analyte. Such specific recognition, binding and detection are 
often achieved through key-lock type of chemical or biological interactions 
such as antibody-antigen interactions. 

The application of multifunctional polymers in implants can be 
employed to control biological interactions that determine a bioresponse to 
an implant. Here the same principles of recognition, specificity and 
suppression of nonspecific adsorption are relevant. An example is the 
selection of attaching cells in a biological response, where suppression of 
nonspecific adsorption of proteins from the body fluids can suppress the 
nonspecific attachment of cells and the inclusion of biospecific recognition 
ligands, such as adhesion peptides, can enhance the attachment of a specific 
cell population or subpopulation. 

The use of functional polymers and copolymers is an approach often 
chosen in the biomaterial area to modify surface properties or cell-to-cell 
interactions. For example, U.S. Patent Nos. 5,573,934 and 5,626,863 to 
Hubbell et al. disclose hydrogel materials containing a water-soluble region 
such as polyethylene glycol and a biodegradable region, including various 
biodegradable polymers such as polylactide and polyglycolide, terminated 
with photopolymerizable groups such as acrylates. These materials can be 
applied to a tissue surface and polymerized, for example, to form tissue 
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coatings. These materials are adhered to tissue surfaces by polymerizing the 
photopolymerizable groups on the materials after they have been applied to 
the tissue surface. U.S. Patent Nos. 5.462,990 and 5,627,233 to Hubbell et 
al. disclose multifunctional polymeric materials for use in inhibiting 
5 adhesion and immune recognition between cells and tissues. The materials 
include a tissue-binding component (polycation) and a tissue non-binding 
component (polyanion). In particular. Hubbell discloses various PEG/PLL 
copolymers, with molecular weights greater than 300, with structures that 
include AB copolymers, ABA copolymers, and brush-type copolymers. 
10 These polymers are being commercially developed for use as tissue sealants 
and to prevent surgical adhesions. WO 98/47948 'Multifunctional Polymeric 
Tissue Coatings 1 by Hubbell et al. describes another class of polymer, 
grafted polyionic copolymers that are able to attach to biological and non- 
biological samples in order to control cell-surface and cell-cell and tissue- 
1 5 surface interactions in biomedical applications. These materials have not 
been used to coat devices or devices for implantation, however, especially 
devices having metal oxide or other surfaces which may not adhere well to 
receptors or other ligands used for sensing or analysis. 

It is therefore an object of the present invention to provide materials 
20 which can be used to control and modify cell-surface and cell-cell 
interactions, especially on the surface of devices and implants. 

It is a further object of the present invention to provide methods for 
application of these materials to a substrate which is rapid, inexpensive, and 
flexible. 

25 It is another object of the present invention to provide a stable 

polymeric material that can be applied simply, quickly and cost-effectively to 
charged surfaces of analytical devices and sensor chips for applications 
where it is essential to establish a specific binding interaction while 
preventing the unwanted non-specific interactions that typically occur at 

30 surfaces in contact with physiological and other types of samples. 

analytical or diagnostic devices, culture surfaces, sensor chips, and implants. 
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Summary of the Invention 

Multifunctional, polyionic copolymers with molecular architectures 
and properties optimized for specific applications are synthesized on/or 
applied to substrate surfaces for analytical and sensing purposes. The 
5 coatings are particularly useful for suppression of non-specific interaction, 
adsorption or attachment of molecular or ionic components present in an 
analyte solution. Chemical, biochemical or biological groups can be coupled 
to. integrated into or absorbed to the multifunctional polymer that are able to 
recognize, interact with and bind specifically to target molecules in the 

10 material containing the analyte to be detected. These multifunctional polymer 
coatings are compatible with a variety of different established methods to 
detect, sense and quantify the target molecule in an analyte. These materials 
can also be used to modulate biological interactions upon substrate surfaces 
for use as selective implant surfaces that resist cell attachment and may 

15 optionally promote the attachment of specific cell types or induce a particular 
cellular behavior. 

The multifunctional polymer coatings typically include brush 
copolymers based on a polycationic or poly anionic (jointly referred to herein 
as fc polyionic') backbone with side chains that control interaction with the 

20 environment, such as poly(ethylene glycol) or poly(ethylene oxide)-based 
side chains that decrease cellular adhesion (referred to herein as "non- 
interactive" side chains or polymers), and analyte-specific side chains. 
Examples of polyionic backbones are poly(amino acids) such as 
poly(lysine) and poly(arginine) with positive charges at physiological pH and 

25 poly(glutamic acid) and poly(aspartic acid) with negative charges at 

physiological pH. The poly (ethylene glycol) (PEG) chains are highly water 
soluble and highly flexible. PEG chains have an extremely high motility in 
water and are essentially non-ionic in structure. They are well known for 
their weak interaction with both molecules and ions and, if attached to the 

30 surface in suitable form (molecular weight, density, orientation), they 

decrease adhesiveness or adsorption to the surface, such as protein resistance 
in contact with blood or serum. The choice of positively charged (cationic) 
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or negatively charged (anionic) backbones of such PEO-grafted backbones is 
related to the fact that surfaces often possess a positive or negative charge 
when exposed to an aqueous environment. In particular, metal oxides or 
metal oxide coatings exposed to an aqueous analyte spontaneously acquire a 
5 negative charge at pH above the isoelectric point (IEP) and positive charges 
at pH below the isolectric point of the particular oxide chosen. At pH of 7 
(neutral solution) for example, niobium oxide, tantalum oxide or titanium 
oxide will be negatively charged, while aluminium oxide at pH 7 is 
positively charged. In other cases, such as a noble metal surface, the surface 
1 0 may not be (sufficiently) charged to allow for complete polymer adsorption 
through electrostatic interaction. In such cases the surface may be treated to 
introduce positive or negative charges. For example, carboxylate groups 
may be introduced through self-assembly of carboxy-terminated long-chain 
alkanethiols on gold or silver to induce a positive charge at a pH above 4. 
1 5 Alternatively, amino groups that are positively charged at pH below 9 may 
be introduced on gold or silver surfaces, e.g. through self-assembly of amino- 
terminated alkanethiols. The PEG-grafted polyionic copolymer can be 
further modified by introducing functional groups at or near the terminal 
(free end) position of the PEG chains. These groups allow further 
20 functionalization and incorporation of adhesive sites or recognition entities 
that serve as the capture moiety in an analytical or sensing assay. 

Non-modified and modified copolymers can be used singly, 
consecutively or as a mixture. They can be used to pattern the surfaces into 
non-adhesive and specifically adhesive areas by applications of known 
25 techniques such as microfluidic or contact printing techniques. 

Although described primarily with reference to substrates or surfaces 
of analytical or sensing devices, where the material the copolymer is applied 
to is a metal or metal oxide, polymer substrates can also be used, especially 
when patterning is not involved in the bioanalytical concept. For example, 
30 many surfaces employed in ELISA systems and in cell culture systems are 
polymers. Polystyrene is a very convenient such polymer, because of its 
optical clarity, its ease of processability, and its low expense. Polystyrene 
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can be readily functionalized to introduce surface charge, either negative or 
positive, to create the appropriate charged substrate. For example, exposure 
of polystyrene to air or oxygen plasmas is well known to create stable 
modified surfaces that include anionic groups, and exposure to ammonia 
plasmas is well known to create stable modified surfaces that include 
cationic groups at typical operating pH. Thus, it is readily possible to 
employ such polymers, and also many other polymers either with anionic or 
cationic groups that are intrinsic to their polymer structure or that are 
introduced by a surface modification procedure such as a plasma process, in 
both bioanalytical systems based on noncellular and cellular approaches. 
Such noncellular approaches include ELISA systems, where the 
multifunctional polymer is adsorbed to the polymer substrate and an 
antibody is then chemically coupled to the multifunctional polymer. 
Likewise, in cell-mediated systems, the polymer may be adsorbed and then 
coupled to a cell-interacting biomolecule, such as an adhesion peptide, or 
alternatively the cell-interacting biomolecule may be coupled prior to 
adsorption. In both ELISA systems and in cell-culture systems, simple and 
inexpensive polymer substrates may be advantageous. 

Both metal and polymer substrates may also be useful in the context 
of medical implants. For example, a number of important implants are 
constructed from metals, such as titanium or stainless steel, including 
orthopedic implants and cardiovascular implants. Likewise, a number of 
important implants are constructed from polymers, such as silicone rubber 
and polyesters, both of which can be treated by plasma processes or other 
processes to introduce surface charge. The polymeric materials can also be 
advantageous when used to coat these materials. 

Brief Description of the Figures 

Figures 1 A- ID are the chemical structures of polymers described 
herein. Figure 1 A is the chemical structure of the polycationic poly(L- 
lysine)-g-poly(ethylene glycol) (PEG-g-PLL) for surface modification of 
negatively charged surfaces; Figure IB is a chemical structure of a PEG-g- 
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PLL polymer, functionalized with biotin at the terminus of part of the PEG 
side chains; Figure 1C is the chemical structure of the polyanionic poly(L- 
glutamic acid)-g-poly(ethylene glycol) (PEG-g-PLG) for surface 
modification of positively charged surfaces; and Figure ID is a chemical 
5 structure of a (PEG-g-PLG) polymer functionalized with biotin at the 
terminus of part of the PEG side chains. 

Figure 2A is a schematic of adsorbed multifunctional polymers to 
render surfaces protein- and cell-resistant. Graft copolymers (a) and block 
copolymers (b) are formed from cationic components (heavy line) and 
1 0 poly(ethylene glycol) (light line). Specific peptides are attached to the tips of 
the poly(ethylene glycol) chains (dots). 

Figure 2B is a schematic drawing of a bioaffmity assay based on a 
chip surface coated with a copolymer-monolayer. The recognition molecule 
is immobilized by interaction with the terminal function of the polymer- 
1 5 grafted PEG. The surface can be used for the specific binding of target 
molecules (left), while the PEG-layer prevents non-specific adsorption of 
biological and non-biological components of the analyte. 

Figure 3 is a graph showing adsorption curves of PLL(375)-g[5.6]- 
PEG(5) on three metal oxide surfaces as measured by the grating coupler 
20 technique. [10 mM HEPES Zl (pH 7.4), 1 mg/mL polymer, 1 mL/hr, 
T=26°C]. 

Figure 4 is a graph showing the dependence of the adsorbed amount 
of PLL(375)-g[5.6]-PEG(5) on the isoelectric point of the metal oxide 
surfaces as measured by the optical grating coupler technique[10 mM 
25 HEPES Zl (pH 7.4), 1 mg/mL polymer, 1 mL/hr, T=26°C.] 

Figure 5 is a graph of serum adsortpion to either an unmodified or a 
PLL(375)-g[5.6]-PEG(5)-modified Si0.6Ti0.4O 2 surface as measured by the 
optical grating coupler technique. [10 mM HEPES Zl (pH 7.4), 1 mg/mL 
polymer, T=26°C.] (The baseline was achieved under 10 mM HEPES Zl, 
30 and the spikes are due to temporary flow rate related pressure changes.) 

Figure 6 is a graph of the adsorbed areal mass of serum and HSA 
onto PLL(375)-g[5.6]-PEG(5)-modified and unmodified Si0.6Ti0.4O 2 ,TiQ 2 
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and Nb 2 O s surfaces as measured by the optical grating coupler technique. [10 
mM HEPES Zl (pH 7.4), 1 mg/mL polymer, 1 mL/hr, T=26°C] 

Figure 7 is a graph of the long-term stability of the protein-adsorption 
suppression of a PLL(375)-g[5.6]-PEG(5)-modified Si0.6Ti0.4O 2 surface as 
measured by the optical grating coupler technique. [Polymer adsorption 
carried out under 10 mM HEPES ZL 1 mg/mL polymer, 1 mL/hr, T=26°C; 
serum adsorption, 1 mL/hr, T=26°C] 

Figure 8 is a graph of the effect of polymer architecture on the 
adsorbed areal density of the copolymer and subsequent serum on 
Si0.6Ti0.4O 2 surfaces as measured by the optical grating coupler technique. 
[Polymer adsorption carried out under 10 mM HEPES Zl, 1 mg/mL 
polymer. 1 mL/hr, T=26°C; serum adsorption, 1 mL/hr, T=26°C] 

Figure 9 is a graph of the activity of horseradish peroxidase: Titanium 
oxide coated with different PLL-g-PEG derivatives. The streptavidin- 
conjugated enzyme is immobilized via biotin, which acts as the functional 
group of the PLL-PEG-biotin copolymer. The non-specific binding of the 
enzyme onto the uncoated metal oxide as well as onto the non-functionalized 
PLL-g-PEG is investigated in parallel. 

Figure 10 is the time-resolved selective sensor response of the biotin- 
derivatized PLL-g-PEG-biotin (adsorbed onto a waveguide chip) to 
streptavidin exposure. 

Figure 1 1 is a graph of the amount of PLL-g-PEG-biotin adsorbed 
onto a SixTil-x 02 waveguide chip surface and the amount of streptavidin 
subsequently adsorbed onto the PLL-g-PEG-biotin covered chip surface for 
three different biotin concentrations in the PLL-g-PEG-biotin molecule (see 
Table 5). 

Figure 12 is a graph of the amount of streptavidin detected by the 
optical waveguide technique as a function of biotin concentration in the 
polymer on a chip surface formed of SixTil-x 02 with adsorbed PLL-g- 
PEG-biotin. 

Detailed Description of the Invention 
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Polycationic and polyanionic copolymers that adsorb to (oppositely) 
charged surfaces of substrates and devices ('chips') for analytical and 
sensing applications are disclosed. These serve three functions: (1) charged 
sites in the backbone attach the polymer to substrate surface via interactions 
5 between oppositely charged groups on the substrate and the backbones; (2) 
grafted side chains that form a dense structure such as a brush make the 
surface non-interactive, i.e., prevent the adsorption of molecules or ions out 
of an analyte onto the surface (referred to herein as "non-interactiveness", 
"non-adhesiveness", or "resistance to non-specific adsorption") and (3) 
1 0 functional groups allow the incorporation of recognition units for specific 
detection and sensing of low concentrations of analytes (referred to herein as 
"functional recognition sites"). Although described primarily with reference 
to chips, these materials can also be used to coat polymeric materials used in 
immunoassay and combinatorial library screening techniques, usually 
polymers such as polystyrene or polycarbonate, or implants such as bone 
prosthetics, screws, rivits, and vascular grafts, which are typically formed of 
metals and/or polymeric materials. 

Treatment of the surface or substrate materials with the copolymers 
makes the surface completely or nearly completely resistant to (unwanted) 
non-specific adsorption. Suitable functional, reactive or interactive groups 
can also be introduced into the copolymers. As used herein, these functional 
or reactive or interactive copolymers are referred to as 'modified 
copolymers'. These reactive groups can be used for the further 
functionalization of the polymer, i.e. the adsorption or attachment of specific 
molecules such as antibodies, antigens, enzymes, oligonucleotides, single- 
stranded DNA or RNA moieties. The latter molecules immobilized at the 
surface in a sea of non-interactiveness are able to sense specifically target 
molecules using established analytical or sensing techniques. The 
multifunctional copolymers that include the specific recognition unit or 
functional molecules are referred to herein as 'functionalized polymers'. 

Procedures for treatment of the substrates and surfaces with the non- 
modified, modified and/or functionalized polyionic copolymers are also 
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disclosed. 

Preferred analytical or sensing detection procedures and applications 
of the chips modified and functionalized are described in detail below. 
I. Compositions of Non-Interactive Polymer-grafted Polyionic 
5 Copolymers. 

Block copolymers are defined as copolymers in which a polymeric 
block is linked to one or more other polymeric blocks. This is distinguished 
from random copolymers, in which two or more monomeric units are linked 
in random order to form a copolymer. Brush copolymers (as in a 
1 0 bottlebrush) are copolymers, which have a backbone of one composition and 
bristles of another. These copolymers are also known as comb copolymers. 
The terms brush and comb are used interchangeably. Dendritic polymers, 
also known as dendrimers or starburst polymers, are polymers which include 
a core molecule which is sequentially reacted with monomers with three or 
1 5 more reactive groups, such that at each sequential coupling step, the number 
of reactive groups at the ends of the polymer increases, usually 
exponentially. A dendron is a subunit of a dendrimer, the cone shaped 
structure resulting from sequential reactions starting with a core containing 
only reactive group. As used herein, molecular weight refers to weight- 
20 average molecular weight, unless otherwise specified. 

The preferred non-interactive polymer is poly(ethylene glycol), or 
"PEG'\ For ease of description, the general description of the graft 
copolymers refers to PEG rather than iw non-interactive polymer". 

The co-polymers can be brush copolymers (as in a bottlebrush, with a 
25 backbone of one composition and bristles of another) with a charged 

polymeric backbone, such as a poly( amino acid). The first example refers to 
poly-L-lysine (PLL) and bristles of polyethylene glycol (PEG). The 
molecular weight of the PLL is between 1,000 and 1,000,000, preferably 
greater than 100,000, more preferably, between 300,000 and 800,000. The 
30 molecular weight of the PEG is between 500 and 2,000,000, more preferably 
between 1,000 and 100,000. Various surfaces binding polyionic polymers 
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can be substituted for PLL, and various non-interactive polymers can be 
substituted for PEG. 

A. Non-Interactive Polymers 

The term 'non-interactive' is used here in the context of the 
application of such molecules for coating analytical and sensor devices and 
means that the non-interactive polymer in the surface-adsorbed copolymer 
reduces the amount of (non-specific ) adsorption of molecules such as 
inorganic ions, peptides, proteins, saccharides and other constituents 
contained in typical analytes of biological or non-biological origin. 
Alternatives to the wording non-interactive are non-adhesive, adsorption- 
resistive or adsorption-repulsive in the context of non-specific adsorption. 

PEG is a preferred material as the non-interactive polymer. The 
choice of the grafting ratio (number of PEG chains to number of monomers 
in the polymeric polyionic backbone) is important as it determines, when 
adsorbed onto the device surface, the degree of the desired non-adhesiveness. 
For PEG with a MW of 5000, the optimal graft ratio is between 1 PEG chain 
for every 3 to 10, preferably 4 to 7, lysine subunits for analytical or sensing 
applications, and may be adjusted based on desired properties. The optimum 
grafting ratio however depends on the MW of the PEG as well as on the 
specific applications. For example, if the MW of the PEG chains to be 
grafted onto the PLL backbone is 2000. the ratio of PEG units to PLL units 
should be between 2 and 8, preferentially between 3 and 5. The properties of 
sensor surfaces coated with PLL-PEG of different architecture are discussed 
in Example 1 . 

Suitable non-interactive polymers include mixed polyalkylene oxides 
having a solubility of at least one gram/liter in aqueous solutions such as 
some poloxamer nonionic surfactants, neutral water-soluble polysaccharides, 
polyvinyl alcohol, poly-N-vinyl pyrrolidone, non-cationic 
poly(meth)acrylates, many neutral polysaccharides, including dextran, ficoll, 
and derivatized celluloses, polyvinyl alcohol, non-cationic polyacrylates, 
such as poly(meth)acrylic acid, and esters amide and hydroxyalkyl amides 
thereof, and combinations thereof. 
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B. Polyionic Backbone Polymers 

Suitable polycationic blocks include natural and unnatural polyamino 
acids having net positive charge at or close to neutral pH, positively charged 
polysaccharides, and positively charged synthetic polymers. Representative 
polycationic blocks include monomeric units selected from the group 
consisting of lysine, histidine, arginine and ornithine. Representative 
positively charged polysaccharides include chitosan, partially deacetylated 
chitin, and amine-containing derivatives of neutral polysaccharides. 
Representative positively charged synthetic polymers include 
polyethyleneimine, polyamino(meth)acrylate, polyarninostyrene, 
polyaminoethylene, poly(aminoethyl)ethylene, polyaminoethylstyrene, and 
N-alkyl derivatives thereof. Representative polycationic materials include 
natural and unnatural polyamino acids having net positive charge at neutral 
pH, positively charged polysaccharides, and positively charged synthetic 
polymers. Examples of suitable polycationic materials include polyamines 
having amine groups on either the polymer backbone or the polymer 
sidechains, such as poly-L-lysine and other positively charged polyamino 
acids of natural or synthetic amino acids or mixtures of amino acids, 
including poly(D-lysine), poly(ornithine), poly(arginine), and poly(histidine), 
and nonpeptide polyamines such as poly(aminostyrene), 
poly(aminoacrylate), poly (N-methyl aminoacrylate), poly (N- 
ethylaminoacrylate), poly(N,N-dimethyl aminoacrylate), poly(N,N- 
diethylaminoacrylate), poly (aminomethacry late), poly(N-methyl amino- 
methacrylate), poly(N-ethyl aminomethacrylate), poly(N,N-dimethyl 
aminomethacrylate), poly(N,N-diethyl aminomethacrylate), 
poly(ethyleneimine), polymers of quaternary amines, such as poly(N,N,N- 
trimethylaminoacrylate chloride), poly(methylacrylamidopropyltrimethyl 
ammonium chloride), and natural or synthetic polysaccharides such as 
chitosan. Polylysine is a preferred material. 

In general, the polymers must include at least five charges, and the 
molecular weight of the polyionic material must be sufficient to yield the 
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desired degree of binding to the surface of the analytical or sensing device, 
having a molecular weight of at least 1000 g/mole. 

For example. PEG reacted with polyethylene imine with a molecular 
weight greater than 10,000 will have approximately the same physical 
5 properties as the PEG/PLL copolymers described herein. Polyhydroxyethyl 
methacrylate can be reacted with a suitable stoichiometric ratio of a reagent 
such as tresyl or tosyl chloride (an activating agent), which converts some of 
the hydroxy groups to leaving groups. These leaving groups can be reacted 
with polycationic polymers, for example, polyaminoethyl methacrylate with 

10 a molecular weight greater than 10,000. to yield a high-molecular- weight 
polymer. A suitable stoichiometric ratio is one mole activating agent per 
mole of polyhydroxyethyl methacrylate. and one mole activated 
polyhydroxyethyl methacrylate per every 3 to 9, preferably 5 to 7 moles of 
reactive groups on polyaminoethyl methacrylate. Suitable cationic polymers 

1 5 are those that, when combined with a suitable non-interactive polymer, have 
roughly the same physical properties as the PEG/PLL copolymers described 
herein. 

Suitable polyanionic blocks include natural and synthetic polyamino 
acids having net negative charge at neutral pH. A representative polyanionic 

20 block is poly(glutamic acid), which contains carboxylic acid side chains with 
a negative charge at pH 7. Glycolic acid is just one example. It may be 
replaced by other natural or unnatural monomers that can be polymerized and 
contain a side functional group with negative charge at or near neutral pH, 
for example, any polymer having carboxylic acid groups attached as pendant 

25 groups. Suitable materials include alginate, carrageenan, furcellaran, pectin, 
xanthan, hyaluronic acid, heparin, heparan sulfate, chondroitin sulfate, 
dermatan sulfate, dextran sulfate, poly(meth)acrylic acid, oxidized cellulose, 
carboxymethyl cellulose and crosmarmelose, synthetic polymers and 
copolymers containing pendant carboxyl groups, such as those containing 

30 maleic acid or fumaric acid in the backbone. Polyaminoacids of 

predominantly negative charge are particularly suitable. Examples of these 
materials include polyaspartic acid, polyglutamic acid, and copolymers 
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thereof with other natural and unnatural amino acids. Polyphenols materials 
such as tannins and lignins can also be used. Preferred materials include 
alginate, pectin, carboxymethyl cellulose, heparin and hyaluronic acid. 

In general the molecular weight of the polyanionic material must be 
sufficiently high to yield strong adhesion to the positively charged analytical 
or sensor device surface. The lengths of the polycationic and polyanionic 
materials which would result in good blockage of adhesive interactions may 
be determined by routine experimentation. It should be understood that 
"good" is a word that must be defined by the requirements of the particular 
situation at hand, e.g., how long binding is required and how complete a non- 
interactivness is required by the particular sensing application. 

Apart from carboxylate end groups, sulfate, sulfonate, phosphate or 
groups that apart from being negatively charged have cation-chelating 
properties such as ethylendiamintetraacetic acid (EDTA) or nitrilotrisacetic 
acid (NTA) can be used as well. The term 'cation-chelating' refers to the 
ability of such a functional group to strongly coordinate to cations contained 
in the surface of the sensing device, preferentially metal cations such as 
Ti(IV), Zr(IV), Hf(IV), V(V), Ta(V), Nb(V), Hf(V), Cr(III), Cr(VI), Mo(VI) 
or W(VI). 

The amine groups in copolymers are the primary amines of lysine 
residues, but other groups can be used. For example, the polymer can be 
prepared using arginine or histidine. resulting in guanidino or imidazoyl 
cationic groups, respectively. Likewise, more than one PEG group can be 
provided, for example, by using as a starting material a small molecule with 
at least two carboxyl groups and at least two amino groups, for example, the 
dipeptide Glu-Lys. 

For all embodiments, the molecular weight and number of PEG 
blocks per lysine block is determined such that the resulting copolymer has 
the properties of both the PLL and the PEG. If the proportion of PEG is too 
high, the adhesion of the polymer to the analytical or sensing substrate (chip) 
is reduced. If the proportion of PLL is too high, the ability of the PEG to 
reduce the non-specific adsorption of ions and molecules out of the analyte is 
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insufficient. The polymers must have sufficient PEG character to minimize 
molecular interaction with the analytical or sensor chip. Polymers with too 
few PEGs per PLL are less suitable for minimizing these interactions. The 
polymers must also have sufficient PLL character to adequately bind to a 
5 chip surface. Polymers with insufficient PLL character fail to bind 

adequately. The polycationic polymer can be any polycation that provides a 
sufficient amount and density of cationic charges to be effective at adhering 
to the analytical or sensing substrate. 

C. PEG/polyionic polymer dendrimers. 

10 The PEG/poly(amino acid) dendrimers are copolymers where one or 

more linear PEG polymeric blocks are covalently linked to the focal point of 
a cationic dendrimer, for example, dendrimerically polymerized polylysine, 
such that the dendrimer fans out from the PEG. Preferably, the PEG is 
linked to the central point of the dendrimer, which is grown from the PEG as 

1 5 described in detail below. The particular utility of the dendritic construction 
is the ability to precisely control the mass of the resulting copolymer, the 
geometrical relationship between the polymeric blocks, and the degree of 
substitution. For instance, in the examples shown, there is exactly one PEG 
for a defined number of positive charges. In contrast, grafting preformed 

20 PEG molecules onto a polycationic backbone normally results in a random 
positioning of the PEG groups on the backbone. 

The dendrimer preferably contains between 16 and 128 reactive 
amine groups, which correlates to a dendrimer of between generation 4 and 
generation 7. The molecular weight of the PEG is between 500 and 

25 2,000,000, preferably between 5,000 and 100,000. 

The dendrimeric PLL allows the formation of a compact structure, 
with a high charge density. These PEG-lysine dendrons are effective in 
preventing cell spreading when adsorbed on a simple anionic surface if the 
polymer contains about 8 or more positive charges (generation-3 dendron). 

30 Other non-ly sine-based dendrimers can also be prepared and are 

intended to be within the scope of the PEG/PLL dendrimers described herein. 
For example, the dendrimers can include polycationic groups other than 
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amines, for example, quaternary ammonium salts. Further, synthetic, non- 
amino acid based cations can be included. Cationic amino acids such as 
ornithine can also be incorporated into the dendrimers. 
D. Analyte-specific Ligands 

The first requirement for an analytical or sensing device, which 
allows specific detection or recognition, is the resistance of the device 
surface towards non-specific adsorption. This requirement can be fulfilled 
by the copolymers described above, as well as in Example 1. The second 
requirement is the introduction of functional groups (called ligands) that 
allow specific interaction with select components of the analyte. Such 
ligands can be introduced into the PEG-grafted polyionic polymer. 
Preferentially such ligands are introduced at the free end of the PEG chain. 
The type of ligand is chosen according to the needs of the analytical or 
sensing task. Examples are: 

Ligands that induce physico-chemical adsorption of a molecule as 
recognition unit for the subsequent analytical or sensing detection. Examples 
of the recognition unit are monoclonal or polyclonal antibodies, that will 
specifically bind complex molecules to be analyzed during the sensing step 
(called target molecules) such as peptides, proteins, oligonucleotides, DNA 
or RNA (fragments). The interaction of the recognition unit and the sensing 
device surface will be through electrostatic and/or van der Waals' forces. 
Examples for the ligands are hydrophobic moieties such as methyl or 
trifluoromethyl groups, positively charged groups such as amines (carrying a 
positive charge below pH of 9), a quaternary amine (positively charged 
across the whole pH range), or negatively charged ligands such as 
carboxylate (negatively charged above pH 4). 

Ligands that are able to bind covalently to functional groups of the 
recognition unit. Examples are ester, maleimide, succinimidyl, vinylsulfone, 
conjugated OC double bonds, epoxy, aldehyde, ketone, silane or siloxane 
functionalities. These ligands can react with functional groups of the 
recognition unit, in particular with accessible amine, hydroxy or thiol groups. 
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Ligands that are able to bind to receptors on the surfaces of cells. In 
the approach of the immediately preceding paragraph, a recognition unit may 
be bound to the ligand directly, by reaction. An example is the reaction of a 
cysteine-containing peptide to a vinylsulfone ligand. Specific reaction 
5 between the thiol on the cysteine residue and the vinylsulfone ligand then 
results in immobilization of the peptide to the substrate, or to the polymer 
that is then adsorbed to the substrate. This coupling may be done with the 
polymer still in free solution, and thus the ligand definitional ly becomes the 
peptide, or it may be done after the polymer with the cysteine-reactive ligand 

10 is adsorbed upon the substrate. Both approaches have advantages. In the 
first case, of the coupling of the peptide ligand to the polymer before 
adsorption to the substrate, the material may be more readily characterized. 
In the latter case, of coupling of the peptide ligand after adsorption of the 
polymer upon the substrate, the separation of the non-coupled peptide is very 

1 5 easy, being reduced to the process of rinsing. The case of the peptide ligand 
binding to receptors on the surface of a cell can be particularly interesting, 
e.g. in analysis of cellular behavior or in the therapeutic manipulation of cell 
behavior in a culture system or upon an implant. 

Ligands that are able to bind specifically to a bioactive recognition 

20 moiety. Examples of such recognition units include antibodies in general, 
antigens, proteins, enzymes, oligonucleotides, c-DNA fragments and other 
groups or molecules provided they are able to interact specifically with the 
analyte in the subsequent analytical or sensing assay. These surface-attached 
recognition units must possesses farther specific interaction sites, which can 

25 be used for specific recognition and binding of a particular analyte molecule. 
An example is the use of a polycationic PLL-g-PEG, where a fraction of the 
PEG chains are functionalized at the terminal position of the PEG chain with 
biotin. The functionalized PLL-g-PEG-biotin is adsorbed onto an analytical 
or sensing device surface, followed by the adsorption of streptavidin onto the 

30 biotin sites. Such a sensing surface is able to recognize and bind specifically 
biotinylated target molecules during the analytical or sensing assay. 
Alternatively, the adsorbed, biotinylated PEG-grafted polyionic copolymer 
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can directly react with analytes that are streptavidin-conjugated. Details are 
given in Example 2. 

Ligands that are able to interact with an intermediate reactive 
bifunctional molecule (called crosslinker). Firstly, one end of the homo- or 
(preferentially) hetero-functional cross linker is attached to the ligand of the 
copolymer. In a second step the other (free) end of the crosslinker is reacted 
with the recognition unit. 

Ligands that are able to form stable complexes with a cation. In a 
second step the cation will form a complex either with the recognition unit 
directly through a suitable functionality or alternatively with a bifunctional 
crosslinker (in the latter case followed by procedure 4). Examples for the 
ligand include carboxylate, amide, phosphate, phosphonate, nitrilo triacetic 
acid and other known groups that are able to chelate cations. Examples for 
the cations include Mg(II), Ti(IV), Co(III), Co(VI), Cu(II), Zn(II), Zr(IV), 
Hf(IV), V(V), Nb(V), Ta(V), Cr(III), Cr(VI), Mo(VI) and other cations 
known to form stable complexes with chelating ligands. 

Examples of suitable recognition units include antibodies in general, 
proteins, enzymes, lectins, oligonucleotides, c-DNA fragments and other 
groups or molecules provided they are able to interact specifically with the 
analyte in the subsequent analytical or sensing assay. 

Many interesting ligands in the bioanalysis of cellular responses are peptides. 
In such cases, the peptides may be coupled to the multifunctional polymers, 
e.g. to the termini of the polymer chains that are used to resist nonspecific 
adsorption, either before or after the polymer is adsorbed to the substrate. 
The peptide may be bound to the multifunctional polymer through a number 
of means, including reaction to a cysteine residue incorporated within the 
peptide. Cysteine residues are rarely involved in cell adhesion directly. As 
such, few cell adhesion peptides comprise a cysteine residue, and thus a 
cysteine residue that is incorporated for the purpose of coupling of the 
peptide will be the unique cysteine residue for coupling. While other 
approaches are possible, the preferred method is coupling of the peptide to 
the multifunctional polymer through a cysteine residue on the polymer. 



18 



Other bioactive features can also be incorporated, e.g. adhesion proteins, 
growth factor proteins, cytokine proteins, chemokine proteins, and the like. 
Functionalized surfaces can be used in bioanalytical systems involving cells, 
in which some affecter of cell function is the measured feature. A test fluid 
may contain an analyte, to which the response of cells is sought. The cellular 
response may be used in as a measure of the presence or the activity of the 
analyte. Alternatively, the cellular response per se may be the knowledge 
that is sought, e.g. the migration response of a particular cell type to a growth 
factor, when the cells are migrating upon a particular adhesive substrate. The 
collection of such scientific information is of significant value in the 
screening of the activity of drug candidates, particularly when higher order 
cellular responses such as adhesion, migration, and cell-cell interactions are 
targeted. 

Functionalized surfaces can be used in therapeutic systems involving 
cells, in which cells are cultured for later therapeutic use. In current 
therapeutic systems, cultured cells are sometimes used. Examples are in the 
culture of chondrocytes for transplantation in articular cartilage defects in the 
knee or in the culture of endothelial cells for transplantation in vascular 
grafts. In such cases, modulation and manipulation of the phenotype of the 
cells is of prime interest. For example, it may sometimes be of interest to 
stimulate cells into one phenotype (such as a proliferative phenotype), and 
later to stimulate them into a second phenotype (such as a differentiated 
phenotype). Alternatively, it may be desirable to maintain them in one 
particular phenotype, e.g. to maintain chondrocytes in a chondrocyte 
phenotype, rather than have them dedifferentiate into cells that more closely 
resemble fibroblasts. Surfaces and substrates may be useful in this. It is 
known that extracellular matrix interactions play an important role in 
regulating cell phenotype, and such interactions may be readily modified 
through the use of the multifunctional polymers of this invention. 
Functionalzed surfaces can be used in therapeutic systems involving cells, in 
which the cells are cultured and used in contact with the surface. As an 
example of this situation, bioreactors are used in some extracorporal 



19 



WO 00/65352 PCT/US00/1 1 708 

therapeutic systems, such as cultured hepatocytes used to detoxify blood in 
acute hepatic failure patients. In such cases, one wants to maintain the 
hepatocytes in the reactor in a functional, differentiated state. The adhesive 
interactions between the cells and their substrate are thought to play an 
5 important role in these interactions, and thus the technology of this invention 
provides a means by which to control these responses. 

Functionalized surfaces can be used in therapeutic systems involving 
cells, in which the functionalized surfaces is a component of an implant. The 
interactions between cells in an implant environment and the surface of an 

10 implant may play a controlling role in determining the biocompatibility of an 
implant. For example, on the surface of a stent implanted within the 
coronary artery, the presence of blood platelets is not desirable and may lead 
to in-stent restenosis. As such, it would be desirable to prevent the 
attachment of blood platelets to the stent surface. The attachment of all cells 

15 is not necessarily bad, however. For example, endothelial cells are thought to 
play a very positive role in preventing restenosis. As such, it would be 
desirable to treat the stent substrate with a functional coating that would 
prevent the nonspecific adsorption of proteins and also presents adhesion 
ligands that are capable of binding to endothelial cells but not blood platelets. 

20 The peptide REDV, based on an alternatively spliced domain in fibronectin, 
provides one potential such target, in that it has been reported that this 
sequence does not bind to receptors present on the blood platelet but does 
bind to receptors that are present on the endothelial cell (J. Biol. Chem 1992, 
267 p. 1401 9-26). 

25 D. Surfaces or Substrates ("chips") 

The type of substrates and surfaces of the analytical or sensing device 
suitable for the envisioned use depends on both the type of application, the 
type of analytical or sensing technique used, as well as on the suitability for 
binding the polyionic copolymer. 

30 All types of substrates or substrate surfaces that are used in the area 

of analytical or sensing tasks which can be combined with any technique for 
the detection of the target molecules or analytes. 
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Suitable substrates or surfaces which include metals, metal oxides 
and/or polymeric materials are also discussed below in conjunction with the 
section on detection of analyte binding. Other substrates or surfaces include 
tissue and cell culture substrates, and means for immunoassay, which are 
5 typically formed of a polymer such as polystyrene or polycarbonate. Other 
supports or substrates include medical devices or prosthetics which are 
formed of metals (such as stainless steel), nylon, degradable and non- 
degradable biocompatible polymers such as poly(lactic acid-co-glycolide). 
Examples include bone implants and prosthetics, vascular grafts, pins, 

iu screws, and rivits. The most common substrate material for a stent is a metal. 
In many such implants, used in dentistry and in orthopedic surgery, metal 
implants are used. In other cases, polymeric implants may be more useful. It 
is possible to adsorb the multifunctional polymer to either polymeric or 
inorganic substrates, depending only upon the surface charge of the substrate. 

1 5 Substrate and surface functionalization for use in other analytical 

assay platforms is also an important application of the technology. One of 
the largest areas in bioanalytical assays is the use of enzyme linked 
immunosorbent assays (ELISA) or linked immunosorbent assays (LISA). In 
these applications, a binding or recognition element is bound typically to a 

20 multiwell plate and then blocked with a protein based molecule to occupy 
surface area not containing the recognition element. The derivatized surface 
is then exposed to a solution containing analyte. The surface is then exposed 
to a second recognition element that is tagged with a molecule that can be 
assayed via any of the conventional spectroscopic or other methods. The 

25 above description is for a typical "sandwich" type assay, and this basic 
format can be modified in a variety of standard ways. For example, an 
antigen can be directly coupled to a surface and used to assay the level of 
antibody produced from immunological response to the antigen and present 
in biological fluids or tissues. This is a common technique used for 

30 determination of human disease or illness or even for determination of 
biocompatability of a drug or implant in which the degree of antibody 
production is measured as a function of drug level or dose. 
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One of the key issues with the assays is the blocking step that 
prevents non-specific binding. This step is time consuming and variable, and 
can generate false positive. Conventional methods for blocking of sites not 
occupied by the antigen or antibody include blocking with proteins, for 
example bovine serum albumin (BSA). 

Functionalization of substrates and substrate surfaces for the analysis 
and control of cellular interactions in an important use, having application in 
culture-based assays, in therapeutics based on cell and tissue culture and 
bioreactors. and based on implants. Functionalized surfaces can be used in 
bioanalytical systems involving cells, in which the cellular response is the 
measured feature. In the field of cell biology, the response of a cell to a 
substrate is an important issue, and analysis of this response is an important 
bioanalytical task. For example, the response of a cell to extracellular matrix 
components is an important issue in cell adhesion and migration and is 
important in issues such as cancer metastasis and wound healing. As such, 
bioanalytical systems, including as a key component of them bioanalytical 
surfaces and substrates, are useful in measurement of such responses. 
Useful substrates are polymeric or inorganic. Modified polystyrene is a 
common cell culture substrate, modified so as to render the polystyrene 
anionic. Such as substrate alone has limited usefulness in bioanalysis of 
cellular behavior. It supports cell adhesion via proteins that spontaneously 
adsorb or are adsorbed from purified solutions. These proteins are subject to 
remodeling by cellular activities. As such, technology that would provide a 
well defined culture substrate would indeed be useful. In such usefulness, 
qualities such as the ability to resist nonspecific adsorption, to present 
biospecific adhesion ligands, and to remain stably adsorbed during extensive 
periods of culture. 

II. Synthesis of Polyionic Copolymers grafted with Non-Interactive 
Polymers and Analyte Specific Ligands. 
A, Synthesis of Graft Copolymers. 

PEG may be bonded to the a-amines of lysine residues of poly(L- 
lysine) as follows. Poly(L-Iysine) (PLL) can be reacted with a PEG with one 
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end protected (i.e., a protected monomethoxy PEG), the terminal hydroxyl of 
which has been previously activated with carbonyldiimidazole (CDI). The 
PLL and the activated PEG can be mixed in an aqueous solution buffered at 
pH 9 and allowed to react for 48 hours at room temperature. The number of 
5 PEG chains grafted per PLL chain may be controlled by adjusting the ratio of 
moles of activated PEG added per mole of added PLL. The reaction may not 
proceed to completion, i.e., the mole ratio of PEG to PLL in the reaction 
mixture may not be identical to that in the PEG-g-PLL product, but higher 
ratios of PEG to PLL will produce higher amounts of PEG in the PEG-g-PLL 
1 0 product. 

The cationic domains tend to be highly reactive, and efforts must be 
made to control the extent of addition of PEG to PLL. Executing the 
reaction in the absence of water reduces deactivation of PEG and allows 
better stoichiometric control. For example, unprotected poly-L-lysine can be 

1 5 dissolved in water, then added to dimethylformamide (DMF) to make a 

solution that is 5% aqueous. The poly-L-lysine can then be reacted with CDI 
mono-activated PEG in stoichiometric amounts, followed by evaporation of 
solvent under vacuum yielding a PEG/PLL copolymer. Alternatively, 
unprotected poly-L-lysine can be dissolved in water and precipitated by 

20 adding NaOH. The precipitated polymer can then be added to anhydrous 
DMF and then reacted with CDI mono-activated PEG in stoichiometric 
amounts, yielding an (A)x-b-(B)y copolymer. When the reaction is 
performed in the absence of water, side reactions involving the activated 
group can be reduced (i.e., deactivation is reduced), and at long reaction 

25 times the ratio of mole PLL to PEG in the polymer product more closely 
resembles than in the reactant mixture. 

Solution polymerization of PLL may be carried out using monomers 
containing different epsilon protecting groups, which allows strict control 
over the degree of substitution of PEG onto PLL. N-carboxy anhydrides of 

30 various amino acids may be synthesized and polymerized into copolymers, 
as in the following example. N,N'-dicarbobenzoxy-L-lysine (Z,Z-lysine) can 
be reacted with phosphorus pentachloride to yield a,N-carbobenzoxy-a,N- 
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carboxy-L-lysine anhydride. a.N-carbobenzoxy-a,N-tert-butyloxycarbonyl- 
L-lysine (Z.boc-lysine) can be reacted with sodium methoxide to yield the 
sodium salt of Z.boc-lysine. The sodium salt of Z,boc-lysine can be reacted 
with phosphorus pentachloride to yield a.N-tert-butyloxycarbonyl-a,N- 
5 carboxy-L-lysine anhydride. Z.Z-lysme anhydride can be added to Z,boc- 
lysine anhydride, and the two monomers can be polymerized by the addition 
of sodium methoxide as an initiator. A copolymer results, poly(ot boc- 
lysine)-co-(a Z-lysine). The boc groups can be removed by addition of the 
polymer to trifluoroacetic acid for fifteen minutes. 

! 0 The salt form can be converted to the free base by reaction with a 

reactant such as pyridine. The free amines on the polymer can then be 
reacted with CDI PEG in DMF. The Z groups can then be deprotected by 
adding the polymer to HBr in acetic acid for fifteen minutes, yielding an 
(PEG )x-b-(PLL)y copolymer, where the ratio of PEG to PLL in the final 

15 product can be controlled by the initial ratio of boc protected lysines. 

It may be desirable to produce versions of the polymer that are not of 
a brush structure. This may be facilitated by not deprotecting the epsilon 
amines of PLL, so that the only reactive groups are the amine and carboxyl 
termini. For example, reaction of CDI activated PEG with poly ot,N- 

20 carbobenzoxy-L-lysine in DMF yields an (A)x-(B)y copolymer. Activation 
of the carboxyl terminus of the (A)x-(B)y copolymer with TSU followed by 
reaction with mono-amino PEG in DMF yields an (A)x-(B)y-(A)z 
copolymer. 

B. Synthesis of Functionalized Graft Copolymers. 

25 The synthesis of PEG-grafted polyionic copolymers, for which all or 

part of the PEG side chains are functionalized with a particular group at the 
terminal or close to terminal position, follows the same procedures as 
outlined above. However, instead of using a one end protected PEG (e.g. 
methoxy terminated PEG), a functionalized PEG is used. Either only 

30 functionalized PEG is used or (preferentially) a mixture of functionalized and 
non-functionalized PEG. The functional group at the end of the PEG chain 
are chosen according to the needs and concept of the analytical assay. The 
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ratio of functionalized PEG to non-functionalized PEG depends again on the 
requirements of the analytical or sensor assay. It has to be optimized for a 
given type of application. An example of the optimization of this ratio is 
given in Example 2. 
5 The details of a particular synthesis are given in Example 2 for the 

case of biotinylated PEG/PLL to be used in PEG-biotin-streptavidin- 
biotinylated type of assay. An alternative but related approach is provided in 
Example 3. 

Non-charged, hydrophilic side chains other than PEG can be used as 
10 long as they impart the property of non-interactiveness or adsorption 
resistance to the treated surface 

III. Methods for Surface Modification with Graft Copolymer. 

A. Methods for modifying Chip Surfaces or Substrates 

Six typical general protocols for the modification of a chip surface 
1 5 intended to be used for bioaffmity sensing using the optical waveguide 
technique with or without fluorescence detection are described. 
Protocol A: 

1 ) Pretreatment of the chip surface comprising a glass slide on which a 
metal oxide layer as waveguiding layer has been deposited: a) ultrasonic 

20 cleaning in an organic solvent; b) plasma treatment of the surface in an 
oxygen atmosphere 

2) Spontaneous adsorption of a monolayer of the cationic PLL-g- 
(PEG) x (PEG-biotin),_ x out of an aqueous solution. 1-x denotes the fraction of 
functionalized PEG chains in comparison to the total number of PEG chains. 

25 3) Rinse 

4) Exposure of the chip surface with an aqueous solution of streptavidin, 
binding specifically to the surface accessible biotin ligands. 

5) Rinse of the surface to remove loosely (non-specifically) bound 
streptavidin. 

30 6) Specific adsorption of an analyte solution containing biotin-conjugated 
target molecules to the surface-immobilized streptavidin sites. 
7) Rinsing of the surface to remove weakly bound (non-specifically 
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adsorbed) molecules. 

8) Detection of the specifically bound target molecule using the optical 
waveguide technique. This is accomplished by e.g. varying the incoupling 
angle until the conditions for incoupling are met. The determination of the 
5 effective index through measurement of the electric and magnetic mode (T E 
and T M ) then allows determining quantitatively the mass of the (specifically) 
adsorbed biotin-conjugated target molecule. 

Alternatively to 8), the biotin-conjugated recognition molecule (antibody) is 
adsorbed to the streptavidin-functionalized chip surface. The target molecule 

10 is specifically immobilized at the chip surface, followed by reaction with a 
tracer molecule (fluorescently labeled antibody to the target molecule). The 
evanescent field generated at the surface of the waveguide is then used to 
excite fluorescence of the tracer molecule. The fluorescence is detected 
using a fluorescence detector situated on the side opposite to the liquid flow 

1 5 cell, making use of the very high detection sensitivity of the fluorescence 

technique in combination with the advantage that practically only the labeled 
molecules attached to the surface are fluorescence-excited, with minimal 
contribution from 'bulk 5 fluorescence. 
Protocol B 

20 1 ) Pretreatment of the chip surface comprising a glass slide on which a 
metal oxide layer has been deposited, as a waveguiding layer: a) ultrasonic 
cleaning in an organic solvent; b) plasma treatment of the surface in an 
oxygen atmosphere 

2) Spontaneous adsorption of a monolayer of the cationic PLL-g- 

25 (PEG) x (PEG-vinylsulfone),. x out of an aqueous solution. 1-x denotes the 
fraction of functionalized PEG chains in comparison to the total number of 
PEG chains 

3) Attachment of single stranded c-DNA fragments containing a thiol group 
that adds to the vinylsulfone function via a nucleophilic additions. 

30 4) Rinse of the surface to remove weakly bound (not covalently linked) c- 
DNA. 
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5 ) Specific adsorption of the complimentary DNA strand (target molecule) 
that has been previously labeled with a fluorescence tag to the c-DNA 
recognition ligand. 

6) Rinse to remove weakly bound (non-specifically attached) molecules. 
Detection of the specifically bound DNA fragments upon determination of 
the intensity of the fluorescence excited in the evanescent field of the 
waveguide. 

Protocol C 

1 ) Cleaning of a gold-coated chip using organic solvents. 

2) Self-assembly of an co-amino-terminated alkanethiol out of alcoholic 
solution to form an ordered self-assembled monolayer (SAM) through 
interaction of the thiol group with the gold substrate. This SAM will acquire 
positive charges when in contact with an aqueous environment at pH below 9 
(e.g. at neutral pH) as a consequence of the terminal amino groups being 
partly protonated. 

3) Spontaneous adsorption of the polyanionic (negatively charged) polymer 
poly (glutamic acid)-g-(PEG) x (PEG-succinimid) ] . x onto the positively charged 
Au-SAM. 

4) Reaction of the succinimid groups accessible at the surface of the 
polymer-adsorbed chip with a primary amine group of an antigen. 

5) Rinse to remove loosely bound (non-specifically adsorbed) antigen. 
Specific reaction of the surface-bound antigen with the corresponding 
antibody in the analyte solution monitored in situ by the Surface Plasmon 
Resonance (SPR) technique. 

Protocol D 

1 ) Pretreatment of the chip surface comprising a glass slide on which a 
metal oxide layer has been deposited as a waveguiding layer: a) ultrasonic 
cleaning in an organic solvent; b) plasma treatment of the surface in an 
oxygen atmosphere. 

2) Micro fluid patterning of the waveguide chip surface with an aqueous 
solution of PLL-g-PEG using a polymer stamp with a micron-sized pattern at 
the stamp surface. This process produces a patterned (e.g. a type of line 
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pattern) surface consisting of regions that have been PLL-g-PEG treated 
(along the microfluidic channel network) and regions that have not been 
treated (where the stamp protected the surface). 

3) Treatment of the patterned waveguide chip surface in an aqueous solution 
5 of the cationic PLL-g-(PEG) x (PEG-vinylsulfone),_ x . This step will fill the 

uncovered regions in step 2) with the functionalized PLL-g-(PEG) x (PEG- 
vinylsulfone),. xs producing a pattern with non-functionalized and 
functionalized PLL-g-PEG. 

4) Rinse 

10 5) Adsorption or attachment of different recognition molecules in different 
regions with adsorbed functionalized PLL-g-PEG using techniques that 
allow localized recognition molecules deposition such as ink-jet techniques, 
printing or fluidic patterning. 
6) Rinse 

15 Application of a solution containing multiple fluorescently labeled analytes 
and two-dimensionally resolved, parallel detection of the specific binding of 
different analyte molecules at spatially separated, different recognition sites 
by 2-dimensionally resolved detection of the fluorescence excited by the 
evanescent field of the optical waveguide. 

20 Protocol E 

1 ) Pretreatment of the chip surface comprising a glass slide on which a 
metal oxide layer has been deposited as a waveguiding layer: a) ultrasonic 
cleaning in an organic solvent; b) plasma treatment of the surface in an 
oxygen atmosphere 

25 2) Spontaneous adsorption of a monolayer of PLL-g-(PEG) x (PEG-R'- 
OPOO,^ out of an aqueous solution. 1-x denotes the fraction of 
functionalized PEG chains in comparison to the total number of PEG chains. 
R' is a crosslinker used to attach the phosphate group at the terminal position 
of the PEG chain in the course of the synthesis of the modified PEG-g-PLL. 

30 3) Rinse 

4) Exposure of the chip surface with an aqueous solution of a soluble 
zirconium Zr(IV) salt such as zirconium (IV) nitrate. Zirconium (IV) cations 
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will bind to the surface accessible phosphate groups of the modified PEG-g- 
PLL polymer. 

5) Rinse of the surface to remove loosely bound, not phosphate-coordinated 
Zirconium (IV) cations 

6) Specific adsorption of phosphate or phosphonate -conjugated antibody 
molecules to the zirconium (IV) sites. The phosphate or phosphonate group 
of the antibody will coordinatively attach to the immobilized zirconium(IV) 
cations via formation of a complex. 

7) Rinsing of the surface to remove weakly bound (non-specifically 
adsorbed) molecules. 

8) Exposure of the functionalized chip to a solution that contains an 
unknown mixture of different proteins. Detection of the protein molecules 
that interact specifically with the surface accessible, immobilized antibodies 
on the chip surface upon determination of the intensity of the fluorescence 
excited in the evanescent field of the waveguide. 

Protocol F 

1 ) Pretreatment of the chip surface comprising a suitable substrate such as 
silicon on which an electronic circuit suitable for the use as a nerve cell- 
based sensor has been produced. 

2) Microfluidic patterning of the chip surface with an aqueous solution of 
PLL-g-PEG using a polymer stamp with a micron-sized pattern at the stamp 
surface that is compatible with the electric network of the sensor surface. 
This process produces a surface consisting of regions that have been PLL-g- 
PEG treated (along the microfluidic channel network) and regions that have 
not been treated (where the stamp protected the surface). 

3) Treatment of the patterned chip surface in an aqueous solution of the 
cationic PLL-g-(PEG) x (PEG-peptide)!. x . This step will fill the uncovered 
regions in step 2) with the functionalized PLL-g-(PEG) x (PEG-peptide),_ x , 
producing a pattern with non-functionalized and functionalized PLL-g-PEG. 
The oligopeptide is e.g. YIGSR known to be a specific sequence in the 
protein laminin that induces the attachment and migration of nerve cells. 
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4 ) Exposure of the patterned surface to a cell-culture solution containing 
nerve cells. Attachment and spreading of the nerve cells in the protein- and 
cell-adhesive areas. 

Use of the living-cell-based sensor for sensing (via monitoring the 
electrical signals of the attached nerve cells) environmentally relevant 
compounds such as gaseous or liquid components that are toxic to nerve cells 
or unknown components in order to test their potential toxicity. 

B. General Protocols for the Preparation and Use of 
Non-Chip Substrates 

The substrates can be modified in a variety of ways. Non-modified 
and modified copolymers can be adsorbed onto suitable surfaces either in 
pure form or as mixtures. The optimum choice depends on the type and 
concentration of the ligand molecules, the targeted receptor, and the substrate 
properties. Examples of substrates to which the copolymer can be applied 
include bioanalytical devices such as ELISA or LISA plates, lateral flow 
assay substrates such as nitrocellulose, nylon, or PVDF membranes, 
polymeric microparticles or inorganic particles, capillaries for 
electrophoresis, fiber optics, or "lab on a chip" devices. 

The materials described herein are particularly suited for these 
applications in that the polyionic copolymers allow easy and efficient post 
production modification of the suface. tailored to the desired application, 
with non-interactive properties and of specific interaction properties. The 
adsorbing domain of the multifunctional polymer should have opposite 
charge as that of the substrate prior to adsorption of the polymer, leading to 
stable and strong adsorption. The considerations for the domains of the 
copolymer that resist nonspecific adsorption are also similar to those 
described above. Nonionic water-soluble polymers such as poly(ethylene 
glycol) are especially preferred. On the termini of these chains may be 
placed either reactive groups or directly binding groups, to provide for 
attachment device surfaces. Alternatively, no biological recognition element 
may be used, leading to a surface that resists nonspecific attachment but does 
not promote biospecific attachment, or the surface may be pretreated with a 
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reactive moiety and the free surface area that is not derivitized with the 
reactive moiety subsequently can be "filled in" with either the polymer with 
no biologicial element that resists nonspecific attachment, or alternatively, 
with a second protocol. 

From the viewpoint of the surface treatment, there are two basic 
methods: 

1 ) In a type of batch process where the surface is functionalized. In a fluid 
manifold, one or several analytes and reagents are locally applied to the 
surface. After awaiting the completion or near completion of the bioaffmity 
reaction (incubation step), the surface is washed in a buffer. 

2) In a continuous process where the surface to be functionalized is part of a 
gaseous or liquid cell or flow-through system. The conditioning of the 
surface can be done in a continuous and continuously monitored process 
within that liquid or flow-through cell, followed by in situ monitoring of the 
signal due to the specific interaction and adsorption or attachment of the 
specific target molecule in the analyte solution. The original surface may 
afterwards be restored/regenerated again and conditioned for the immediately 
following next bioaffmity assay. This may be repeated many times. 

B. General protocols for the modification of a surface intended to 
be used for bioanalytical devices other than for screening and detection. 
Protocol A 

1 ) Pretreatment of the surface to generate charged surfaced if not inherent to 
material as obtained. 

2) Spontaneous adsorption of a monolayer of the cationic PLL-g- 
(PEG) X (PEG-Y),_ X out of an aqueous solution. 1-x denotes the fraction of 
PEG chains functionalized by reactive molecule Y in comparison to the total 
number of PEG chains. 

3) Rinse 

4) Exposure of the surface with an aqueous solution of reactive molecule, 
binding specifically to the surface ligands. 

5) Rinse of the surface to remove loosely (non- specifically) bound reactive 
molecule. 
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Subsequent methodology according to standard protocol for the analytical 

technique. 

Protocol B 

1 ) Pretreatment of the surface to generate charged surface if not inherent to 
5 material as obtained. 

2) Reaction of the cationic PLL-g-CPEGX^PEG-Y)^ in solution with ligand 
reactive with molecule Y. 1-x denotes the fraction of PEG chains 
functionalized with molecule Y in comparison to the total number of PEG 
chains. 

10 3) Spontaneous adsorption of a monolayer of the derivatized cationic PLL- 
g-(PEG) x (PEG-ligand),. x out of an aqueous solution. 

4) Rinse 

5) Subsequent methodology according to standard protocol for the 
analytical technique. 

1 5 Protocol C 

1 ) Pretreatment of the surface to generate charged surface if not inherent to 
material as obtained. 

2) Spontaneous adsorption of a monolayer of the derivatized cationic PLL- 
g-(PEG) out of an aqueous solution. 

20 3) Rinse 

4) Subsequent methodology according to standard protocol for the 
analytical technique. 
Protocol D 

1 ) Treatment of the surface with reactive moiety of interest. 
25 2) Rinse 

3) Spontaneous adsorption of a monolayer of the derivatized or non- 
derivatized cationic PLL-g-(PEG) out of an aqueous solution, (as per 
Protocol A, B, or C) 

4) Rinse 

30 5) Subsequent methodology according to standard protocol for the 
analytical technique. 
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Examples of various applications of these materials and techniques 
are provided. 

Polystyrene, used for example as microwell plates, can be rendered 
negatively charged at physiological pH. This material generally supports the 
adsorption of a wide variety of proteins solution for assay. Microwell plates 
can be purchased commercially with negatively charged surfaces. 

The negatively charged 96 microwell plate is exposed to PLL-g- 
(PEG) X (PEG-VS),_ X where VS denotes a vinylsulfone functionality, and 
coupled to IgG or IgG fragment as in Protocol A. The amount of IgG thus 
displayed in the microwell may be controlled readily through the quantity x, 
x = 0 leading to a large amount of exposed IgG and the quantity x = 1 
leading to no exposed ligand. The amount of antigen contained in a solution 
may then be analyzed via conventional ELISA methods. For example, 
subsequent steps for a standard "sandwich" assay would be incubation of the 
IgG derivatized microwell plate to the antigen solution for 2 hours to 
overnight, rinsing three times with PBS or other buffer solution, incubation 
with a horseradish peroxidase labeled IgG. rinsing with buffer again to 
remove non-specifically bound HRP labeled IgG, and then detection of 
bound antigen through a peroxidase generated adsorbing precipitate. 

The amount of IgG may also be readily varied by adding 
stoichiometrically limited amounts of the IgG, and then passivating the other 
reactive groups if desired by exposure to cysteine or beta mercaptoethanol. 

The amount of IgG may also be readily varied by adding the ligand 
simultaneously with another reactant, such as cysteine or beta 
mercaptoethanol. The fraction of the VS groups that react with the IgG will 
be determined by the molar ratios of the two agents and the relative 
reactivities of the two agents. 

Two or more biorecognition elements may be added to the VS sites, 
either in parallel or in series. 

Of importance is that the PEG component of the coating acts as a pre- 
applied blocking agent, eliminating the need for subsequent blocking steps 
normally required for microwell plate or other analytical type methods. This 
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is significant in that it can reduce the time required for the assay by many 
hours and reduces uncertainty in assay performance which arises from 
incomplete or variable blocking often observed using conventional blocking 
agents such as bovine serum albumin. 

It is also possible to adsorb the biorecognition element directly to the 
microwell plate surface, and then subsequently coat the free surface area with 
a derivatized or underivatized PLL-g-PEG following Protocol A or B or D. 
Alternatively, if the biorecognition element is not active in the attached form, 
it can be derivatized with a peptide or other tag that will allow reaction with 
the reactive ligand of the derivatized PLL-g-PEG. For example, a thiol 
containing tag will react with the vinylsulfone group of (PEG) K (PEG-VS),. X 
The ability to control the binding site of the antigen or antibody can confer 
higher surface activity. 

In another example, lateral flow assay substrates which are 
commonly formed of nylon 6,6 are modified with the graft copolymer. As 
with other bioanalytical assays, it is of considerabe interest to limit 
nonspecific adsorption to the membrane surface. One use of lateral flow 
assays is for determination of antibody concentrations in a biological 
solution which are produced in response to exposure to an antigen. Nylon 
6,6 is purchased commercially with a negatively charged surface that is 
stable from pH 3 to 10. The surface is then exposed in the detection region 
to PLL-g-(PEG) x (PEG-VS),_ x and rinsed. The remaining material is then 
exposed as appropriate to PLL-g-PEG with no reactive group to block 
adsorption to areas outside the detection region and any uncoated regions 
within the detection region. The PLL-g-(PEG) x (PEG-VS),. x in the detection 
region is then coupled to an antigen, as in Protocol A. Assay for an antibody 
to this antigen is performed by flowing a solution to be analyzed through the 
substrate which results in attachment of the antibody to the bound antigen. 
The amount of bound antibody/antigen complex is then determined by 
exposure of the complex to a labeled anti-IgG and quantitated 
spectroscopically. 
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Alternatively, the lateral flow assay surface could be coated with a 
pre-derivatized PLL-g-PEG as in Protocol B or derivatized with multiple 
antigens or antibodies. The amount of antigen or antibody present can be 
varied to optimize the coupling reaction and subsequent detection. 

C. General Protocols for the Preparation and Use of 
Substrates for use in Cell-Based Systems 

The analytical or therapeutic surfaces and substrates may be formed 
by a number of ways and for a number of purposes, as described below. 
From the general perspective of the choice of multifunctional copolymers, 
the same principles hold as described above for chip-based devices. The 
adsorbing domain of the multifunctional polymer should have an opposite 
charge to that of the substrate prior to adsorption of the polymer, leading to 
stable and strong adsorption. The considerations for the domains of the 
copolymer that resist nonspecific adsorption are also similar as to those 
described above. Nonionic water-soluble polymers such as poly(ethylene 
glycol) are especially preferred. On the termini of these chains may be 
placed either reactive groups (as in Protocol A below) or directly binding 
groups (as in Protocol D below), to provide for attachment to cell surfaces. 
Alternatively, no biological recognition element may be used, leading to a 
surface that resists nonspecific attachment but does not promote biospecific 
attachment (as in Protocol C below). 
Protocol A : 

Adsorption of multifunctional polymers onto bioanalytical or 
biomedical materials may be accomplished as follows. 
1 ) Pretreatment of the polymer or metal surface comprising cleaning 
under conditions such that the native surface charge is displayed, e.g. the 
native surface charge at the operating pH of an underlying polymer layer or 
the surface charge of a metal oxide coating atop a metal substrate. Such 
cleaning may be accomplished by rinsing, by washing with a detergent and 
then rinsing to remove detergent, or, for stable materials such as metals, by 
cleaning in a reactive plasma. Some polymers may be pre-treated as well by 
plasma processing, especially to introduce surface charge. For example, so- 
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called tissue culture polystyrene is often produced by processing polystyrene 
in an air or an oxygen plasma, which both cleans the substrate as well as 
introduces modifications into the surface that are negatively charged at 
neutral pH. Most metal surfaces, such as stainless steel, titanium and 
5 tantalum, are negatively charged at neutral pH, due to the characteristics of 
the metal oxide overlayer. For the remainder of this protocol, it is assumed 
that the substrate is negatively charged. 

2) Spontaneous adsorption of a monolayer of the cationic PLL-g- 
(PEG) X (PEG-VS),. X out of aqueous solution. 1-x denotes the fraction of 

1 0 reacti vely functionalized PEG chains in comparison to the total number of 
PEG chains. VS denotes a vinylsulfone function, which will react with thiols 
at neutral or basic pH. A number of other reactive groups can be used, such 
as maleimides, acrylates and quinines - the only condition is that these 
groups must not be highly reactive with amines (e.g., on the lysine) at 

1 5 adsorption pH. Amine reactive groups can be used, however, if the 

positively charged sites on the backbone are substituted with a nonreactive 
group, such as would be obtained by the use of poly(arginine) rather than 
PLL. 

3) Rinse 

20 4) Exposure of the material surface to peptide comprising a cysteine 
residue in aqueous solution at a neutral or basic pH, e.g. from pH 7.5 - 9. 
The rate of reaction is dependent upon the pH of the solution, being more 
rapid at basic pH than at neutral pH. 
5) Rinse 

25 Protocol B 

Adsorption of multifunctional polymers upon substrates that are 
positively charged, such as an amino-containing or amino-modified polymer 
or aluminum oxide upon aluminum, can be obtained exactly as described 
above, except by substituting an anionic polymer, such as polyglutamic acid 

30 or polyaspartic acid or polyacrylic acid for the PLL. 
Protocol C 
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Adsorption of multifunctional polymers lacking a specific recognition 
element can also be used, when it is desired to simply block nonspecific 
interactions and not to promote specific interactions. This can be achieved 
exactly as obtained in Protocols A or B. using polymers where x = 1. 
Protocol D 

The biological recognition element can be attached to the 
multifunctional polymer prior to adsorption to the substrate, as described 
below. 

Adsorption of multifunctional polymers onto bioanalytical or 
biomedical materials may be accomplished as follows. 
1 ) Pretreatment of the polymer or metal surface comprising cleaning under 
conditions such that the native surface charge is displayed, e.g. the native 
surface charge at the operating pH of an underlying polymer layer or the 
surface charge of a metal oxide coating atop a metal substrate. Such cleaning 
may be accomplished by rinsing, by washing with a detergent and then 
rinsing to remove detergent, or, for stable materials such as metals, by 
cleaning in a reactive plasma. Some polymers may be pre-treated as well by 
plasma processing, especially to introduce surface charge. For example, so- 
called tissue culture polystyrene is often produced by processing polystyrene 
in an air or an oxygen plasma, which both cleans the substrate as well as 
introduces modifications into the surface that are negatively charged at 
neutral pH. Most metal surfaces, such as stainless steel, titanium and 
tantalum, are negatively charged at neutral pH, due to the characteristics of 
the metal oxide overlay er. For the remainder of this protocol, it is assumed 
that the substrate is negatively charged. 

2) Spontaneous adsorption of a monolayer of the cationic PLL-g- 
(PEG) X (PEG-RE),_ X out of aqueous solution. 1-x denotes the fraction of 
functionalized PEG chains in comparison to the total number of PEG chains. 
RE denotes a recognition element function, such as a peptide or protein or 
saccharide or polysaccharide. 

3) Rinse 
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These techniques are useful for example, with cell culture substrates, 
which are typically formed of polystyrene. The polystyrene is or can be 
surface modified so as to render it negatively charged at physiological pH. 
This material generally supports the adsorption of a wide variety of proteins 
from cell culture medium, including fibronectin and vitronectin from serum- 
containing medium, a situation which prevents the investigation of 
biospecific interactions between cells and their substrate. 

Tissue culture polystyrene is exposed to PLL-g-CPEG^PEG-VS),.,. 
and coupled to the adhesion peptide GCGRGDSPK, as in Protocol A. The 
amount of peptide thus displayed upon the culture substrate may be 
controlled readily through the quantity x, x = 0 leading to a large amount of 
exposed peptide and the quantity x = 1 leading to no exposed peptide. Cell 
behavior on the bioanalytical substrate may be measured, e.g. adhesion, 
spreading, growth, migration, or higher order functional indicators, such as 
the production of growth factors, cytokines and chemokines, the expression 
of matrix proteins, and so forth. 

The amount of grafted peptide may also be readily varied by adding 
stoichiometrically limited amounts of the peptide GCGRGDSPK, and then 
passivating the other reactive groups if desired by exposure to cysteine or 
beta mercaptoethanol. 

The amount of grafted peptide may also be readily varied by adding 
the peptide GCGRGDSPK simultaneously with another reactant, such as 
cysteine or beta mercaptoethanoh The fraction of the VS groups that react 
with the peptide biorecognition element will be determined by the molar 
ratios of the two agents and the relative reactivities of the two agents. 

Two or more biorecognition elements may be added to the VS sites, 
either in parallel or in series. 

Nonpeptide biorecognition elements may also be added to the VS 
groups, e.g. thiol-containing sugars or polysaccharides. Proteins may readily 
be added to the VS groups, e.g. by exposure to a protein that contains one or 
more free cysteine residues. 
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In another example, the cell phenotype in therapeutic bioreactors can 
be manipulated by application of the graft copolymer to the cell culture 
substrate. The use of cells as therapeutic agents has been extensively 
explored. An example is the use of hepatocytes in extracorporal bioreactors 
as a liver support device in patients with liver failure. Problems in such 
approaches have been encountered in preventing the overgrowth of unwanted 
cell sub-populations and in maintaining the proper phenotype of the cells, 
both in this and other examples. This may be minimized as follows. 

Anionic microcarrier beads are treated by exposure to PLL-g- 
(PEG) x (PEG-VS) Ux and then grafting with a thiol-containing galactose 
moiety, as in Protocol A. Hepatocytes bind to galactose via the 
asialoglycoprotein receptor, which is absent on most other cells, such as 
fibroblasts that may be present in a clinical preparation of hepatocytes 
intended for therapeutic use in a bioreactor. It is also known that adhesion of 
hepatocytes to substrates via galactose binding to the asialoglycoprotein 
receptor can maintain the hepatocyte phenotype more effectively than, for 
example, adhesion to collagen. 

Hepatocytes are seeded on the microcarriers and allowed to attach in 
a spinner flask as usual. The microcarriers are then placed in a bioreactor, 
e.g. within the shell space of a hollow r fiber bioreactor, with human plasma 
perfused from the patient, via a blood cell separator, to remove toxins from 
the plasma. 

In still another example, a coronary artery stent, formed from 
stainless steel, is exposed to PLL-g-PEG as in Protocol C, to block 
nonspecific protein adsorption and thus blood platelet adhesion upon the 
surface. The stent may be coated either prior to mounting on a deployment 
catheter or after, and it may be dried after the final rinse procedure or not. It 
may thus be coated either in a manufacturing facility or intraoperatively. 
The treated stent is deployed within the coronary artery as usual in the 
treatment of coronary artery disease. 

A coronary artery stent, formed from stainless steel, is exposed to 
PLL-g-(PEG) x (PEG-VS),. x and then to the endothelial cell-specific peptide 
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GCGREDVG. as in Protocol A. The treated stent is deployed in the 
coronary artery as usual. In this case, the PEG component serves to reduce 
the adsorption of plasma proteins, including fibrinogen, and the 
corresponding in-stent thrombosis and restenosis that may result therefrom. 
5 The biological recognition element GDGREDVG serves to promote the 

attachment and overgrowth of endothelial cells, to provide for a more natural 
biological covering of the stent surface after deployment and endothelial cell 
migration over the stent. 

The stent may also be treated with the multifunctional polymer 
10 already grafted with the biological recognition element. A coronary artery 
stent, formed from stainless steel, is exposed to PLL-g-(PEG) x (PEG- 
GCGREDVG),., , as in Protocol YYD. with x = 0.75. 
IV. Means for Detection and/or Quantitation of Analyte Binding. 
A preferred technique is the use of optical waveguide techniques, 

15 where the evanescent field is able to sense the analyte that has specifically 
interacted with the recognition unit in the adsorbed layer of the 
functionalized PEG-grafted polyionic copolymer. The advantage of the 
technique is the fact that it only senses analyte molecules close to the surface 
(i.e. adsorbed or attached to the surface) and not the analyte molecules in the 

20 bulk of the solution to be analyzed. A second advantage is the high 

sensitivity of the technique, which is typically of the order of of the order of 
1 ng/cm2 of adsorbed analyte for sensors based on changes of the effective 
refractive index (such as grating coupler sensors). The detection sensitivity 
can be further increased if fluorescently labeled target molecules are used 

25 and the fluorescence signal excited by the evanescent field is used. As a 
consequence, substrates, chips or devices are preferred which comprise an 
optical waveguide with an optically transparent waveguiding layer. 
"Optically transparent" in this context shall mean transparency at least at the 
wavelength of an adequate excitation light source and optionally of the 

30 fluorescence or more general luminescence generated by the excitation, 
typically in the visible or near infrared, for interrogation of the analyte 
molecules. 
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The optical waveguides can be designed as self-supporting single- or 
multilayer systems. Glass plates or glass or transparent polymeric fibers 
without cladding are examples of self-supporting single-layer systems. For 
purposes of enhanced sensitivity, however, substrates, chips or devices are 
preferred which comprise an optical thin film waveguide comprising a first 
optically transparent layer (a) deposited on a supporting second layer (b) 
with lower refractive index than layer (a). Especially in case of support 
materials (second layers (b)) which are only partially or non-transparent or 
are fluorescent themselves, it is preferred, if the substrates, chips or devices 
comprise another optically transparent layer (b') with lower refractive index 
than layer (a) and a thickness between 5 nm and 10000 nm, preferably 
between 1 0 nm and 1000 nm, which is located between layers (a) and (b) 
adjacent to layer (a). 

In general, however, using optical waveguides with or without 
fluorescence detection, it is preferred that the substrates (layer (b)) are 
optically transparent, such as glass or transparent polymers, have to be used. 
Suitable waveguiding layers that are deposited onto the transparent substrate 
are high-refractive-index transparent materials. Examples include oxides of 
titanium, silicon, tantalum, niobium, hafnium, zirconium, or mixtures 
thereof. An additional possibility is to coat the waveguiding layer with an 
additional thin coating that is particularly suited to attach the polyionic 
polymer backbone. The only requirements are that this additional coating 
has to be transparent and thin enough not to adversely affect the optics of the 
waveguiding process. Other examples are metal nitrides, oxynitrides, 
carbides, or borides. 

Such inorganic layers are generally deposited by physical or chemical 
vapor deposition or by wet-chemical techniques such as sol-gel techniques 
onto a suitable substrate such as glass or polymer. It is preferred that the 
substrates, chips or devices include one or more optical coupling elements 
for incoupling the excitation light into the optically transparent layer (a). 
These optical coupling elements can be selected form the group of prism 
couplers, evanescent couplers comprising joined optical waveguides with 
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overlapping evanescent fields, end face couplers with focusing lenses, 
preferably cylindrical lenses, located adjacent to the waveguiding layer (a), 
and grating couplers. Preferred grating couplers are diffractive gratings 
selected from the group of relief gratings of any profile, such as rectangular, 
triangular or sinusoidal profile, and phase gratings or volume gratings with a 
periodical modulation of the refractive index in the optically transparent 
layer (a). For ease of production and its reproducibility, diffractive relief 
gratings with a rectangular profile are the most preferred optical coupling 
elements. 

Most of the metal oxides (and other metal compounds) carry a 
positive or negative charge at or near to neutral pH. In particular, titanium 
oxide, tantalum oxide and niobium oxide, with isoelectric points (IEP) below 
7, spontaneously acquire a negative charge in contact with aqueous 
environments at neutral pH and are therefore suitable to be used in 
combination with the polycationic polymers. Another possibility is to 
artificially impose a positive or negative charge onto the waveguiding 
surface, e.g. through introduction of functional groups such as carboxylate, 
sulfonate or phosphate or alternatively of positive charges through 
introduction of functional groups such as amines. There are a variety of 
techniques known that are suitable for such a pretreatment. Examples 
include silanization with amino-terminated silanes such as 
aminopropyltriethoxysilane (APTES) or other silanes carrying a positive or 
negative charge upon contact with an aqueous environment. 

A further sensing technique is the surface plasmon resonance (SPR) 
technique, which uses an evanescent field generated in thin metal films. If 
this metal film spontaneously forms a passive oxide film or can be artificially 
oxidized, this oxide film with positive or negative charge in contact with an 
aqueous medium can again be used directly to attach polyionic polymers of 
the right charge. Since noble metal surfaces such as gold often used in SPR 
are generally not covered by an oxide film, the surface has first to be treated 
by chemical or electrochemical techniques in order to generate positive or 
negative charges. A preferred pretreatment technique is the use of self- 
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assembled monolayers of alkane thiols well known to form ordered 
monolayers on gold and silver surfaces. If Afunctional thiols are used 
carrying a functional group in the co-position, which will acquire a positive or 
negative charge in contact with aqueous environments, such pretreated metal 
surfaces can again be used in combination with polyionic copolymers in the 
same or similar way as discussed above for the metal oxide surfaces with 
spontaneously formed charges. Examples include thiols with a terminal 
amino, quartenary ammonium, carboxylate or phosphate group. 

Independent of the type of substrates and surfaces used, cleaning of 
the surface is an important aspect of this technology. Controlled surface 
cleanliness is necessary to ensure an optimum degree of adsorption or 
attachment of the polyionic copolymer to the positively or negatively 
charged device surface. In the case of the metal oxides discussed above, 
several cleaning procedures have been tested and optimized for the intended 
use of the polyionic copolymers in the analytical and sensing area. These 
include organic solvent cleaning, acid treatment, UV/ozone treatment, glow 
discharge, plasma cleaning and combinations (see Examples 1 and 2). 
Plasma cleaning can be done in an oxygen, water vapor, nitrogen or argon 
gas at reduced pressure. The cleaning of the oxide surface is important to 
reduce the natural hydrocarbon concentration and or to increase the number 
of available hydroxy groups at the oxide surface. The hydroxy groups are 
known to be essential in the formation of charges in contact with an aqueous 
environment. Plasma treatment in water vapor is preferred if the aim is to 
increase the number of hydroxyl groups at the surface. 

Alternative excitation and detection methods are commonly known 
and include fluroescence excitation via direct interaction with an excitation 
source (not through evanescent field excitation), chemiluminescent, 
adsorption and radioisotope labeling. In all spectroscopic cases, the 
wavelength used is dependent on the absorbing or emitting molecule as well 
as the substrate, and can range for example from the near Infra-red to the 
visible region of the spectrum. Adsorption and fluorescence are commonly 
used in assays such as lateral flow assays, fiber optic based assays, or 
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multiwell plate based assays in which either transmission or reflection mode 
are employed. In cellular assays, techniques include fluorescence based 
microscopy and two photon techniques. 
V. Fabrication of Patterned Surfaces 
5 Two-dimensionally patterned surfaces are an important aspect of 

modern analytical and sensor devices such as biochips used today or in the 
future in DNA, RNA or protein microarray and immunoassay technologies. 
The technique allows the parallel detection of many different target 
molecules in one analyte of complex composition through specific surface 

10 functionalization and recognition site immobilization on a local scale. The 
three basic prerequisites are a surface technology that allows one to 
reproducibly fabricate geometrically patterned surfaces, a technique to 
immobilize recognition units on a localized scale and detection techniques 
that are compatible with the local scale of the individual assay. 

15 PEG-grafted, polyionic copolymers are suitable to fabricate patterned 

surfaces on a millimeter to micron scale. A preferred way is to use the 
established microfluid patterning technique. A typical application involves a 
polymeric stamp that has a three-dimensionally structured surface, e.g. a 
number of channels in one or in two directions. This stamp is brought in 

20 close contact with an analytical or sensor chip surface forming an array of 
channels between the stamp and the chip surface. The non-functionalized 
PEG-grafted polycationic copolymer solution is introduced into the 
stamp/chip fluidic channel network either by capillary forces or by a forced 
flow using a pump. After having adsorbed the polyionic copolymer A 

25 according to the invention onto the chip surface along the channels, the 

channels are rinsed with pure water and the stamp and chip separated. In a 
next step, the whole surface can be dipped to attach another polyionic 
copolymer B such as a functionalized polyionic copolymer. The product is a 
surface with an array of lines A/B/A/B/ etc. The lines of such an array may 

30 have width from the mm scale to the micron or submicron range. 

Alternatively, the fluidic patterning can be applied once more with a different 
stamp pattern or with the same pattern but at a different angle, e.g. at right 
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angle to the first pattern, forming a rectangular or square array. In a 
subsequent step, the lines B that have reactive functional groups can be 
reacted with a suitable recognition molecule such as an antibody for proteins 
or a single stranded DNA or RNA fragment. This can be done by precision 
5 ink jet techniques, by stamping or - again - by microfluid patterning using a 
different or differently oriented pattern. 

Another technique that allows the formation of specific patterns using 
polyionic copolymers is micro contact printing (uxP). A polymer stamp with 
a three-dimensionally structure surface is impregnated with the polyionic 

1 0 copolymer and transferred in a stamping process to the flat chip surface. 

A third alternative is to start with a patterned sensor chip surface 
fabricated e.g. by a lithographic technique. The pattern has regions of 
positively and negatively charged surfaces. An example is a surface with 
square islands made from niobium oxide in a sea of aluminium oxide. If this 

] 5 surface is brought into contact with an aqueous solution of a polyanionic 
copolymer according to the invention at neutral or near neutral pH, only the 
positively charged aluminum oxide surface (and not the negatively charged 
niobium oxide pattern) will be coated by the negatively charged polymer. 
The opposite situation holds for a polycationic copolymer. 

20 A fourth technique is mechanical patterning where the polymer is 

locally applied through spotting techniques using instruments such as pencils 
or capillaries. 

These techniques can be used to make both types of patterns: islands 
formed by modified or functionalized polymer in a sea of non-modified 

25 polymer or vice versa. Also, the locally adsorbed polymers may be 

combined with other type of molecules to backfill empty space at the surface. 
VI. Applications 

The materials described here have a variety of applications in the area 
of substrates or devices (called 'chips' in the general sense) for analytical or 

30 sensing purposes. In particular, they are suited for the surface treatment of 
chips intended to be used in analytical or sensing applications where the aim 
is specific detection of biologically or medically relevant molecules such as 
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peptides, proteins, oligonucleotides, DNA or RNA fragments or generally 
any type of antigen- antibody or key-loch type of assays. Particularly if the 
analyte contains a variety of molecules or ionic species, and if the aim is 
either to specifically detect one molecule or ion out of the many components 
or several molecules or ions out of the many components, the invention 
provides a suitable basis for producing the necessary properties of the chip 
surface: 1 ) the ability to withstand non-specific adsorption and 2) the ability 
to introduce in a controlled way a certain concentration of recognition 
entities, which will during the analytical or sensing operation interact 
specifically with the target molecules or ions in the analyte. If combined 
with suitable analytical or sensor detection methods, the invention provides 
the feasibility to produce chips that have both high specificity and high 
detection sensitivity in any type of analytical or sensing assay, in particular 
in bioaffinity type of assays. 

The materials described here additionally have a variety of 
applications in the area of substrates or devices which are not "chip" based 
applications. In particular, for use in analytical or sensing applications where 
the aim is specific detection of biologically or medically relevant molecules 
such as peptides, proteins, oligonucleotides, DNA or RNA fragments or 
generally any type of antigen-antibody or key-loch type of assays. 
Particularly if the analyte contains a variety of molecules or ionic species, 
and if the aim is either to specifically detect one molecule or ion out of the 
many components or several molecules or ions out of the many components, 
the materials and methods described herein provide a suitable basis for 
producing the necessary properties of the chip surface: 1) the ability to 
withstand non-specific adsorption and 2) the ability to introduce in a 
controlled way a certain concentration of recognition entities, which will 
during the analytical or sensing operation interact specifically with the target 
molecules or ions in the analyte. If combined with suitable analytical or 
sensor detection methods, the methods provides the feasibility to produce 
assay surfaces that have both high specificity and high detection sensitivity 
in any type of analytical or sensing assay, in particular in bioaffinity type of 
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assays. 

In substrates and surfaces that interact with cells, whether in vitro or 
in vivo, the interaction between the cell and its substrate plays an important 
role in controlling its behavior. As in the other bioanalytical systems, the 
5 dual issues of prevention of nonspecific interactions and presentation of 
specific ligands is relevant. In this case, the nonspecific adsorbates of 
concern are adhesion-promoting proteins and polysaccharides, as well as 
other biopolymeric materials present in biological fluids. For example, the 
number of adhesion proteins present in blood plasma or serum is very high, 

1 0 and as such it is difficult to obtain a biospecific response in the absence of 
biospecific interactions. A multifunctional polymer may be used to suppress 
the nonspecific adsorption of these components in biological fluids. 
Moreover, a specific ligand or group of ligands can be incorporated into the 
multifunctional polymer, preferably at or near the termini of the chains that 

15 prevent the nonspecific interactions. Such ligands can the bind to a more 
limited set of cell-surface receptors than would otherwise be achieved with 
the spontaneously and nonspecifically adsorbing components. This can be 
useful in bioanalytical cell culture systems, in extracorporal therapeutic 
systems, and in implanted devices. 

20 The methods can be applied to chips for any type of qualitative, 

semiquantitative or quantitative analytical or sensing assay. Particularly 
suitable detection techniques to be combined with chips include: 
1) The optical waveguide technique, where the evanescent field is used to 
interact with and detect the amount of target molecules adsorbed to the chips 

25 surface. The technique relies on incoupling white or monochromatic light 
into a waveguiding layer through an optical coupling element, preferably a 
diffraction grating or holographic structure. The light travels within the 
waveguiding layer through total internal reflection. The evanescent wave, 
extending out of the plane of the waveguide by typically 50 to 200 nm 

30 interacts with molecules that are close (e.g. adsorbed or otherwise 

immobilized) to the surface. In the configuration of grating coupler sensors, 
typically the incoupling angles a(TE) and/or a (TM) for electric and 
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magnetic modes are measured, which are altered upon molecular adsorption 
or desorption onto/from the incoupling grating, due to the resulting changes 
of the so-called effective refractive index. The effective refractive indices 
N(TE). N(TM) are calculated for the observed coupling angles on the basis 
of incoupling condition. Supposing that N(TE), N(TM) has been calculated 
and the optica) parameters of the waveguide layer (nF,dF), of the substrate 
(nS), of the covering medium (nC) are known, the refractive index (nA) and 
the thickness (dA) of the added layer can be calculated. Using the model that 
the refractive index in the adsorbed layer linearly depends on the 
concentration of the adsorbed material, the mass per area of the adsorbed 
material can be calculated. 

2) Fluorescence spectroscopy or microscopy where fluorescently labeled 
target molecules are quantitatively analyzed by measuring the intensity of the 
fluorescence light. 

3) Combination of 1 ) and 2), where the evanescent optical field is used to 
excite the fluorescence tags of target or tracer molecules adsorbed onto the 
chip surface modified. The fluorescence is detected using a fluorescence 
detector situated on the side opposite to the liquid flow cell. This technique is 
particularly suitable in view of the very high detection sensitivity of the 
fluorescence technique in combination with the advantage that practically 
only the labeled molecules attached to the surface are fluorescence-excited, 
with minimal contribution from 'bulk' fluorescence. The combination of the 
surface treatment of the chip with this analytical procedure based on 
evanescent field excited fluorescence detection allows detection with 
extreme analytical sensitivity and selectivity down to the level of only a few 
hundred molecules or so. 

Therefore, a preferred detection technique is the specific detection of 
target molecules of one or more analytes in a liquid sample, wherein analyte- 
specific capture or recognition molecules are immobilized at the polyionic 
copolymer treated surface of the chip comprising an optical waveguide, 
fluorescently labeled analyte or analyte analogue or tracer molecules are 
brought into contact with this surface, excitation light is launched into the 
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waveguiding layer (a), and the fluorescence from the fluorescent labels and 
generated in the evanescent field of the optical waveguide is detected. 
Spectrally selective optical components, such as interference filters or 
bandpass filters (e.g. longpass filters), or combinations thereof in the optical 
emission path is helpful to improve the sensitivity and improve the 
discrimination of background light or scattered excitation light. 

4) The Surface Plasmon Resonance Technique (SPR) where the 
interaction of surface plasmons in thin metal films resonance condition, i.e., 
the resonant incidence angle for the escitation of a surface plasmon in a thin 
metal film, is changed upon molecular adsorption or desorption into/from the 
metal film, due to the resulting change of the effective refractive index. 

5) Ultraviolet or Visible (UV/VIS) Spectroscopy where the adsorption at a 
particular characteristic wavelength is used to quantitfy the amount of target 
molecules adsorbed or attached to the modified surface. 

6) Infrared Techniques such as Fourier Transform Infrared (FTIR) 
Spectroscopy, where the excitation of atomic or molecular vibrations in the 
infrared region is used to detect and quantify target molecules that have 
previously been adsorbed or attached to the surface modified chips. Surface 
or interface sensitive forms of IR spectroscopy such as Attenuated Total 
Reflection Spectroscopy (ATR-FTIR) or Infrared Reflection-Adsorption 
Spectroscopy (IRAS) are particularly suitable techniques. 

7) Raman Spectroscopy (RS) to detect specific vibrational levels in the 
molecule adsorbed or attached onto the modified chip surface. Surface- or 
interface-sensitive types of RS are particularly suitable, e.g. Surface 
Enhanced Raman Spectroscopy (SERS). 

8) Electrochemical techniques where for example the current or charge for 
the reduction or oxidation of a particular target molecule or part of that 
molecule is measured at a given potential. 

Chip based devices can also be assayed with standard fluorescence or 
adsorption techniques in which excitation is through light reflected off the 
substrate surface as opposed to the evanescent field interaction. 
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Other analytical or bioanalytical device surfaces can be used for 
qualitative, semiquantitative or quantitative analytical or sensing assays. 
Non "chip" based substrates also includes fiberoptic substrates. In the case 
of fiberoptics, techniques as described for "chip" substrates are applicable. 
For other non "chip" based substrates which do not support evanescent field 
excitation or are not a "chip", suitable techniques are described below. 

1 ) Fluorescence spectroscopy or microscopy where fluorescently labeled 
target molecules are quantitatively analyzed by measuring the intensity of the 
fluorescence light. The fluorescence is detected using standard detectors 
positioned either for transmission, or more preferably, for reflection based 
detection methods. This technique is particularly suitable in view of the very 
high detection sensitivity of the fluorescence technique for fluorphores with 
high emission and excitation cross sections in combination with the 
advantage that practically only the labeled molecules attached to the surface 
are fluorescence-excited, with minimal contribution from 'bulk' 
fluorescence. Sensitivity may be additionally improved by conventional 
methods such as the use of filters to eliminate scatter from the excitation 
source into the detector or the use of higher sensitivity detectors such as 
cooled charge coupled devices (CCDs). 

2) Adsorption spectroscopy where the adsorption at a particular 
characteristic wavelength is used to quantitfy the amount of target molecules 
adsorbed or attached to the surface modified according to the invention 
through reflection or transmission techniques. For simple assay formats such 
as lateral flow assays, the detection by visual inspection of a color change in 
the assay region. The adsorption can cover the wavelength range from the 
near Infrared to the visible region of the spectrum. The signal can be 
generated by either a tagged molecule or, as in the case of enzyme linked 
immunosorbent assays (ELISA) through an enzymatic reaction that generates 
a colored precipitate. In the latter case, the amount of analyte can be 
correlated to the precipitate adsorption. 

3) Infrared Techniques such as Fourier Transform Infrared (FTIR) 
Spectroscopy, where the excitation of atomic or molecular vibrations in the 
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infrared region is used to detect and quantify target molecules that have 
previously been adsorbed or attached to the modified chip surface. Surface 
or interface sensitive forms of IR spectroscopy such as Infrared Reflection- 
Adsorption Spectroscopy (IRAS) are particularly suitable techniques. 
5 4) Electrochemical techniques where for example the current or charge 
for the reduction or oxidation of a particular target molecule or part of that 
molecule is measured at a given potential. 

The analytical or sensor chips can be used in a variety of ways. 
Non-modified and modified copolymers can be adsorbed onto 
1 0 suitable surfaces either in pure form or as mixtures. The optimum choice 
depends on the type and concentration of the target molecules and on the 
type of detection technique. Furthermore, the technique is particularly suited 
for the modification of chips to be used in assays where multiple analytes are 
determined on one chip, either sequentially or simultaneously." 

1 5 Examples are microarrays for multipurpose DNA and RNA 

bioaffmity analysis 'Genomics Chips*, for protein recognition and analysis 
based on sets of antibody-antigen recognition and analyze (Proteomics 
Chips). Such techniques are particularly efficient for the analysis of a 
multitude of components on one miniaturized chip for applications in 

20 biomedical, diagnostic DNA/RNA, or protein sensors or for the purpose of 
establishing extended libraries in genomics and proteomics. The suitability 
of these materials for the production of such chips results from the fact that 
polyionic copolymers can be used for easy and efficient patterning of the 
chip surface into areas with non-interactive properties and areas of specific 

25 interaction. Since the above mentioned multipurpose, array type of 
techniques often make extensive use of micro fluidic techniques and 
networks, the surface modification and functionalization using the 
copolymers describes herein is particularly suitable to be combined with the 
microarray approach. The fluidic network can be used to specifically treat 

30 localized areas of the chip within the fluidic network, since the technique of 
modifying the chip surface a simple, fast, cost-effective, spontaneous 
adsorption process out of an aqueous solution and therefore fully compatible 
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with the microfluidic analytical and sensing concepts. 

From the viewpoint of the detection step, there are two basic 
alternatives: 

1 ) In a type of batch process where the chip is functionalized. In a fluid 
manifold, one or several analytes and reagents are locally applied to the chip 
surface. After awaiting the completion or near completion of the bioaffinity 
reaction (incubation step), the chip is washed in a buffer and analyzed using 
one or a combination of the methods described above. 

2) In a continuous process where the chip is functionalized and is part of a 
gaseous or liquid cell or flow-through cell. The conditioning of the surface 
can be done in a continuous and continuously monitored process within that 
liquid or flow-through cell, followed by in situ monitoring of the signal due 
to the specific interaction and adsorption or attachment of the specific target 
molecule in the analyte solution. The original surface of the chip may 
afterwards be restored/regenerated again and conditioned for the immediately 
following next bioaffinity assay. This may be repeated many times. 

In a related but different area, the surface treatment of chips has 
applications in biosensors, where the aim is to attach and organize living 
cells in a defined manner on such chips. Since protein adsorption and cell 
attachment is closely related, this opens the possibility to organize cells on 
chips in defined way. This can be done by patterning a chip surface into 
areas that are non-interactive to proteins and therefore cells (e.g. areas with 
adsorbed non-functionalized PEG-grafted polyionic copolymer) and areas 
which interact with several or one cell-adhesive protein and where therefore 
cell attachment, will occur. The latter can be areas without adsorbed non- 
functionalized PEG-grafted polyionic copolymer or with adsorbed 
functionalized PEG-grafted polyionic copolymer whereby the function is one 
that induces interactions with the cell (membrane) e.g. via specific peptides 
that interact with integrin receptors in the cell membrane. 

The detection of specific areas of the pattern can be localized to the 
specific areas, or can be performed for multiple specific areas 
simultaneously. In general, an important aspect is the sequential or 
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simultaneous determination of multiple analytes in one or more liquid 

samples, where the patterned surface is used in microarray assays for the 

determination of analytes of the group formed of peptides, proteins, 

antibodies or antigens, receptors or their ligands, chelators or "histidin tag 

components", oligonucleotides, polynucleotides, DNA, and RNA fragments, 

enzymes, enzyme cofactors or inhibitors, lectins, carbohydrates. 

The one or more liquid samples may comprise body fluids, such as blood, 

serum, plasm, lymph, urine or tissue fluids or egg yolk. 

They also may comprise optically opaque fluids, surface water, soil or plant 

extracts, bio or process broths, or samples from biological tissue. 

In summary, the materials and methods described herein can be used 
in many application areas, e.g.. for the quantitative or qualitative 
determination of chemical, biochemical or biological analytes in screening 
assays in pharmacological research, combinatorial chemistry, clinical or 
preclinical development, for real-time binding studies or the determination of 
kinetic parameters in affinity screening or in research, for DNA and RNA 
analytics and the determination of genomic or proteomic differences in the 
genome, such as single nucleotide polymorphisms, for the determination of 
protein-DNA interactions, for the determination of regulation mechanisms 
for mRNA expression and protein (bio)synthesis, for toxicoiogical studies 
and the determination of expression profiles, especially for the determination 
of biological or chemical markers, such as mRNA, proteins, peptides or 
lowmolecular organic (messanger) compounds, for the determination of 
antigens, pathogens or bacteria in pharmacological product research and 
development, human and veterinary diagnostics, agrochemical product 
research and development, symptomatic and presymptomatic plant 
diagnostics, for patient stratification in pharmaceutical product development 
and for the therapeutic drug selection, for the determination of pathogens, 
harmful compounds or germs, especially of salmonella, prions, viruses and 
bacteria, especially in nutritional and environmental analytics. 

The present invention will be further understood by reference to the 
following non-limiting examples. 
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Example 1. PLL grafted with monomethoxy PET, PLL-g-PEG; 
Application to Wave Guide Substrate. 

The following describes the use of PLL grafted with non-modified 
5 monomethoxy PET, PLL-g-PEG, for which the polymer architecture has 
been optimized to achieve optimum or close to optimum protein resistance 
for application in analytical or sensing tasks. For clarity, the following 
system of abbreviations will be used when referring to the various polymers 
discussed in this paper: PLL(mol. wt. PLL)-g[graft ratio]-PEG(mol. wt. 
1 0 PEG) signifies that the graft copolymer has a PLL backbone of molecular 
weight of (mol. wt. PLL) in kD. a graft ratio of lysine-mer/PEG side chain 
and PEG side chains of molecular weight (mol. wt. PEG) in kD. 
Synthesis of PLL-g-PEG 

Table 1 shows the details of the masses and solvents that were used to 

1 5 synthesize the different polymers according to the following procedure. PLL 
of mol. wt. 20,000 or 375,000 (Sigma, St. Louis, MO, USA) was dissolved 
in 50 mM sodium borate buffer (SBB), pH 8.5. The solution was filter 
sterilized (0.2 f^m pore-size filter). Monomethoxy PEG-nitrophenyl 
carbonate, mol. wt. 5000 (Shearwater Polymers, Huntsville, AL, USA) or 

20 hydroxysuccinimidyl ester of methoxypoly(ethylene glycol) proprionic acid 
mol. wt. 2000 (SPA-PEG, Shearwater Polymers Europe, Inc., NL) was either 
quickly dissolved with stirring in 2.5 mL 50 mM SBB, pH 8.5 or taken as a 
solid and added to the dissolved PLL. The reaction was allowed to proceed 
for 6 hr at room temperature, after which the reaction mixture was dialyzed 

25 (Spectra-Por, mol. wt. cutoff 12-14,000; Spectrum, Houston. TX, USA) for 
24 hr. first against phosphate buffered saline (PBS; 0.2 g/L KC1, 0.2 g/L 
KH 2 P0 4 , 8 g/L NaCl, 1.15 g/L anhydrous Na 2 HP0 4 , pH 7.4 ± 0.1, 285 
mOsm/kg H 2 0 ± 5%), and subsequently against deionized water. The 
product mixture was freeze-dried and stored at -20 °C under Ar. PLL(375)~ 

30 g(5.6)-PEG(5) - 'H-NMR (D 2 0): ppm - 1.35, 1.60, 1.68 (-CH 2 -); 2.88 (-CH 2 - 
N-); 3.55 (PEG); 4.20 (-N-CHR-COO-). By NMR, the areas of the lysine 
side chain peaks were compared with the area of the PEG peak to determine 
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the graft ratio of the comb copolymer. 

A dendron copolymer (Dendron-5) was prepared according to the 
following procedure. Monomethoxy PEG of molecular weight 20,000 (PEG 
20K; Shearwater Polymers, Huntsville. AL. USA) was dried by azeotropic 
5 distillation from benzene. The hydroxyl terminus of the PEG was first 
esterified with Fmoc-Gly. The anhydride of Fmoc-Gly was produced by 
reaction of Fmoc-Gly (1 .78 g; 8 equiv.; Novabiochem, San Diego, CA, 
USA) with diisopropylcarbodiimide (0.469 mL; 4 equiv.; DIPCDI; Aldrich) 
in dimethylformamide (DMF; 10 mL; anhydrous, Aldrich) and 

10 dichloromethane (DCM; 4 mL: anhydrous, Aldrich) for 30 min, room 
temperature with stirring under argon. The PEG (15 g; 1 equiv.) was 
dissolved in DCM (30 mL). Dimethylaminopyridine (91.6 mg; 1 equiv., 
Novabiochem) in DCM (5 mL) was added to the dissolved PEG, and this 
was added to the Fmoc-Gly anhydride. The vessel that contained the PEG 

15 was washed with 5 ml DCM, which was added to the reaction mixture. The 
reaction proceeded for 6 hr at room temperature with stirring under argon. 
The reaction mixture was filtered through paper under vacuum and then 
precipitated in cold, rapidly stirring ether, and collected by vacuum filtration. 
This resulting product constituted the zeroth-generation dendron copolymer. 

20 The following reaction sequence was repeated five times to yield, Dendron- 
5, a fifth generation dendron copolymer. 

Subsequent Fmoc-protected amino acids were added to the PEG as 
follows. Fmoc groups on the coupled lysine residues were removed by 
dissolving the Fmoc-protected, lysine-grafted PEG in 20% piperidine in 

25 DMF (Perseptive Biosystems, Framingham, MA, USA; 4 ml/g PEG 20K), 
heating with swirling at 45 °C until dissolved, then allowing the mixture to 
stand at room temperature for 30 min, followed by precipitation in cold, 
stirred ether, vacuum filtration and drying under vacuum, with 500 mg of 
each PEG-amine product retained. The Fmoc-amino acid (3 equiv.; Fmoc-L- 

30 Lys(Fmoc)-OH; Bachem, King of Prussia, PA, USA) and HOBT (3 equiv.; 
Novabiochem) were dissolved in DMF (3 ml/g amino acid), and DCM (2 
ml/g amino acid). DIPCDI (3 equiv.) was added, and after 15 min the PEG 
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(2ml DCM/g PEG) was added (the vessel that contained the PEG solution 
washed with 5 ml DCM, 2 times). The reaction proceeded with stirring at 
room temperature for at least 6 hr under argon. The reaction mixture was 
then precipitated in stirred cold ether, vacuum filtered, and dried under 
5 vacuum. 

The dendron product was analyzed by gel-permeation 
chromatography (GPC) at 1% in DMF (Polymer Laboratories PL-EMD 950 
evaporative mass detector; columns - Polymer Laboratories 5 jam Mixed D 
300 x 7.5 and Polymer Laboratories 5 |im 500 A 300 x 7.5 in series, Polymer 
10 Laboratories, Amherst, MA, USA). By comparing the chromatograms from 
the mass detector, which allows a measurement of the mass of polymer, with 
the UV adsorption at 300 nm (Fmoc absorption 300 = 6558 L/cm mol), the 
percentage of coupling was calculated. 

Pluronics* F-108 NF and F-68 NF were obtained from BASF (Mount Olive, 
15 NJ,USA). 

Sensor Chips 

All of the waveguides used in this study were purchased from 
Micro vacuum, Ltd. (Budapest, Hungary) and comprise a 1-mm-thick AF45 
glass substrate, covered with a waveguiding layer with the following 

20 specifications: waveguide material (Sol-Gel technique): Si x Ti,_ x 0 2 , where 
x=0.25±0..5, refractive index (n F )=1.77±0.03, thickness (d F )=170-220 nm, 
Substrate glass slide, length (L) = 12 mm, width (w) =16 mm, thickness 
(H)=0.55 mm, refractive index (n s ) = 1.53, grating periodicity: 2400 
lines/mm (0.4166 \im). 

25 For experiments involving titanium and niobium oxide surfaces, an 

additional 14-nm-thick oxide layer was sputter coated in a Leybold dc- 
magnetron Z600 sputtering unit onto the waveguiding layer. All of these 
surfaces were characterized by XPS, AFM and ToF-SIMS. Before each 
experiment, the waveguides were cleaned according to the following 

30 procedure: sonication in 0.1 M HC1 for 10 min, extensive rinsing with 
ultrahigh purity water and drying under nitrogen, followed by 2 min of 
oxygen plasma cleaning in a Harrick Plasma Cleaner/Sterilizer PDC-32G 



56 



WO 00/65352 PCT/US00/1 1 708 

instrument (Ossining, NY, USA). 
Grating Coupler System 

The technique involves the incoupling of excitation light beam from a 
He-Ne laser into a planar waveguide that allows for the direct online 
5 monitoring of macromolecule adsorption. The method is highly sensitive 
(i.e. -lng/cm 2 ) up to a distance of 100 nm above the surface of the 
waveguide. The technique allows for the in situ, real time study of 
adsorption kinetics. Areal adsorbed mass density data were calculated from 
the thickness and refractive index values derived from the mode equations 
1 0 according to Feijter's formula. A value of 0. 1 82 cm 3 /g for dn/dc was used 
for the protein adsorption calculation, and a value of 0.202 cm 3 /g as 
determined in a Raleigh interferometer was used for the PLL-g-PEG 
adsorption calculations. All grating coupler experiments were conducted in a 
BIOS-1 instrument (ASI AG, Switzerland) using a Kalrez® (Dupont, USA) 
1 5 flow-through cell as described previously. The flow though cell was used for 
studying both PLL-g-PEG adsorption and protein adsorption. The flow rate 
and wall shear rates were 1 mL/hr and 0.83 s" 1 , respectively. The calculation 
of adsorbed masses was done according to the following procedure: 
Protocol of the Adsorption Experiments 

20 Protocol for the adsorption of PLL-g-PEG on waveguide surface. 

The samples were ultrasonically cleaned in 0.1 M HC1 for 10 min, 
extensively rinsed with ultrahigh purity water and dried in a nitrogen stream, 
followed by 2 min of oxygen-plasma cleaning as described earlier. PLL-g- 
PEG modified surfaces were prepared by dip coating for 1 0 min in a 1 

25 mg/mL solution of PLL-g-PEG in 10 mM HEPES (4-(2- 

hydroxyethyl)piperazine-l-ethanesulfonic acid, adjusted to pH 7.4 with 1M 
NaOH solution). This buffer solution will be referred to as HEPES Zl 
hereafter. Subsequently, the modified waveguides were rinsed immediately 
with ultrapure water and dried under nitrogen. Some samples were analyzed 

30 and used without a proper cleaning step as described in the sample 

preparation procedure to test the effect of surface contamination on the 
adsorption and performance of PLL-g-PEG. 
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Protocol for optical grating coupler experiment and sample 
preparation 

Samples with adsorbed PLL-g-PEG layers were prepared as 
described above and dried in flowing nitrogen. Their protein and serum 
5 adsorption performance was subsequently measured in the grating coupler 
system as described below. 

Samples modified with PLL-g-PEG in situ were initially placed in 
HEPES Zl immediately following the cleaning procedure and allowed to 
soak overnight. Prior to assembling the flow-through cuvette in the grating 
10 coupler instrument, the samples were rinsed with ultrapure water and dried 
under nitrogen. These presoaked samples equilibrated and reached a flat 
baseline in HEPES Zl in less than 1 hr. Then, the samples were exposed in 
situ to the PLL-g-PEG solution (1 mg/mL in HEPES Zl). The adsorption 
was subsequently monitored for 30 min. The polymer solution was then 
1 5 replaced with HEPES Zl, and the protein and serum adsorption performance 
was measured as described later. 

Protocol for grating coupler experiment and sample preparation 
Samples with adsorbed PLL-g-PEG layers were prepared as 
described above and dried in flowing nitrogen. Their protein and serum 
20 adsorption performance was subsequently measured in the grating coupler 
system as described later. Samples modified with PLL-g-PEG in situ were 
initially placed in HEPES Zl immediately following the cleaning procedure 
and allowed to soak overnight. Prior to assembling the flow-through cuvette 
in the grating coupler instrument, the samples were rinsed with ultrapure 
25 water and dried under nitrogen. These presoaked samples equilibrated and 
reached a flat baseline in HEPES Zl in less than 1 hr. Then, the samples 
were exposed in situ to the PLL-g-PEG solution (1 mg/mL in HEPES Zl). 
The adsorption was subsequently monitored for 30 min. The polymer 
solution was then replaced with HEPES Zl, and the protein and serum 
30 adsorption performance was measured as described later. 

Sio.6Tio.4O2 waveguides were used for the pH-dependence 
measurements and were prepared as described in the immediately preceding 
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procedure. However, in this case, the solution was 10 mM HEPES titrated to 
the predetermined pH by the addition of either 1M NaOH or 1 M HCL The 
polymer concentration was 0.1 mg/ml in the same pH-adjusted HEPES 
solution. After 1 hr of polymer adsorption and 30 min of washing with the 
5 pH adjusted solution, the solution was changed to the pH 7.4 buffer (HEPES 
Zl ). and the protein adsorption performance was measured as described later 
in this section. The same procedure was used for the ionic-strength- 
dependence experiments, except that NaCl was used to generate the solution 
of predetermined ionic strength. 

1 0 Protocol of the protein adsorption experiments 

The waveguides were exposed to a solution of human serum (Control 
Serum N, Art.# 07 371 1 9, US# 42384 and human y-globulin, Roche 
(Switzerland)) for 1 hr at a temperature of 25°C and subsequently washed 
for 30 min in HEPES Zl . Human serum albumin (HSA), human fibrinogen 

15 and human fibronectin were obtained from Sigma Chemical Co. (USA); and 
their related antibodies were obtained from Dako A/S (Denmark). In the 
case of the single protein adsorption experiments, the waveguide was 
exposed to a 1 mg/mL solution of the appropriate protein in HEPES Zl for 1 
hr at a temperature of 25°C and subsequently washed for 30 min in HEPES 

20 Zl . 

In some cases after the serum exposure, the waveguide was tested 
against solutions of 0.1 mg/mL rabbit anti-HSA and 0.28 mg/mL rabbit anti- 
human fibronectin for 30 min at a temperature of 25°C and subsequently 
washed for 30 min in HEPES Zl . Adsorption of human fibrinogen was 
25 tested separately by exposure to a 1 mg/mL solution of fibrinogen for 1 hr at 
25°C followed by a 0. 1 mg/mL solution of rabbit anti-human fibrinogen for 
30 min. 

PLL(375)-g[5.6]-PEG(5) adsorption and protein resistance study 

All of the following measurements were carried out in a flow-through 
30 cell, and both the PLL-g-PEG pretreatment and the protein-adsorption tests 
were carried out in situ and consecutively without an intermittent drying 
stage unless otherwise noted. The results from grating coupler experiments 
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(see Figure 3) indicate that the PLL-g-PEG polymer spontaneously adsorbed 
out of a pH 7.4 buffered aqueous solution onto metal oxide surfaces. The 
example shown in Figure 3 involved the adsorption of the PLL-g-PEG onto 
three different metal oxide surfaces: titanium, niobium and silicon/titanium. 
This adsorption process occurred rapidly and resulted in the formation of a 
layer of adsorbed polymer on the surface. Typically for Si 0 6 Ti 0 4 O 2 surfaces, 
a layer with an adsorbed areal density of approximately 125 ng/cnr formed, 
and 95% of the final observed mass was reached within the first 5 min. 
Similar behavior was observed for the other two metal oxide surfaces 
investigated (i.e. niobium pentoxide, titanium dioxide). Although the 
adsorption kinetics were quite similar, the resulting amount of PLL-g-PEG 
adsorbed to the surface was different and depended on the characteristic 
isoelectric point of the metal oxide, as shown in Figure 4 and Table 2. 

Subsequent protein adsorption experiments revealed that PLL-g-PEG 
modification of the metal oxide surfaces resulted in sharply reduced protein 
adsorption. Typically, the exposure of a metal oxide surface to serum 
produces a layer of adsorbed protein with an areal density between 150 and 
250 ng/cm 2 after the washing step. However, waveguides pre-coated with a 
self-assembled layer of PLL-g-PEG show a drastic reduction in subsequent 
serum protein adsorption. An example of this is shown in Figure 5. This 
experiment involved modified and unmodified titanium dioxide waveguides 
that were prepared according to the procedure described above. Generally, 
PLL(375)-g[5.6]-PEG(5) pretreatment, regardless of the preparation 
procedure, caused an order of magnitude decrease in the areal density of 
adsorbed protein after serum exposure on titanium dioxide, silicon/titanium 
dioxide and niobium oxide surfaces (see Figure 6). Similarly, the adsorption 
of human serum albumin (1 mg/mL, 10 mM HEPES buffered solution, pH 
7.4) was decreased by two orders of magnitude following the PLL-g-PEG 
pretreatment (see Figure 6). The quantitative protein adsorption data for all 
surfaces studied are listed in Table 3. 

The residual material remaining on the surface after serum exposure 
was tested against antibodies of several common serum proteins, such as 
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anti-albumin, anti-fibronectin, and anti-y-globulin. These antibodies 
exhibited adsorbed areal density lower than that detectable by the grating 
coupler technique (i.e. < 2 ng/cm 2 ). which suggests that none of the proteins 
are present in their active conformations on the modified surfaces. It is likely 
that serum components other than proteins are picked up by the modified 
surfaces. Since serum is fibrinogen-depleted, fibrinogen was also tested 
separately from a 5 mg/mL solution in HEPES Zl, followed by an anti- 
fibrinogen assay. For PLL(375)-g[5.6]-PEG(5)-modified silicon/titanium 
dioxide surface, 85 ng/cm 2 and 150 ng/cm 2 of adsorbed areal density were 
observed for fibrinogen and anti-fibrinogen, respectively. The antibody 
results are not shown. 

Performance and long-term stability- of the adsorbed PLL(375)-g[5. 6]- 
PEG(5) layer 

Once established on the surface, the adsorbed layer of PLL(375)- 
g[5.6]-PEG(5) was found to be stable (i.e. <5% loss in mass of the adsorbed 
layer after one week) and resistant to protein adsorption over 24 hr at 37°C 
under a flowing HEPES Zl solution, as shown in Figure 7. This experiment 
involved the in situ deposition within the first hour of a PLL(375)-g[5.6]- 
PEG(5) layer on the surface of a silicon/titanium dioxide waveguide. Two 
subsequent exposures to serum produced less than 20 ng/cm 2 of surface 
adsorbed protein. Eighteen hours later, two additional serum exposures 
similarly produced less than 20 ng/cm 2 . Similar performance was observed 
when PBS was used as the buffer instead of HEPES Zl. 

PLL(375)-g[5.6]-PEG(5) modified waveguides that were stored dry 
were found to retain their protein resistant properties after more than three 
months, and those stored in HEPES-buffered solution were found to retain 
their protein-resistant properties after more than one month. 

Pluronics®, diblock copolymers consisting of a poly propylene oxide 
flanked by two polyethylene oxide chains, are commonly used to immobilize 
PEG onto hydrophobic surfaces. However, Pluronics® F-108 and F-68 were 
found not to adsorb onto any of the metal oxide surfaces investigated here 
and as a result did not show any protein adsorption suppressing properties. 



61 



WO 00/65352 PCT/US00/1 1 708 

PLL(375)-g[5.6]-PEG(5) was also found to adsorb onto a pre- 
adsorbed layer of serum proteins. After a typical adsorption of serum protein 
(i.e. about 260 ng/cnr), subsequent exposure to a 1 mg/mL solution of 
PLL(375)-g[5.6]-PEG(5) effected an additional layer of polymer with a 
5 surface areal density of approximately 90 ng/cm 2 . 

Effect of precontamination on PLL(375)-g[5.6]-PEG(5) adsorption 

Metal oxide surfaces that exhibited large amounts of hydrocarbon 
surface contamination nevertheless adsorbed a layer of PLL(375)-g[5.6]- 
PEG(5) that suppressed subsequent serum adsorption. Titanium dioxide 
10 waveguides that were not cleaned according to the procedure described 

above exhibited substantial hydrocarbon surface contamination. However, 
these XPS data also indicate that an additional layer of PLL(375)-g[5.6]- 
PEG(5) does indeed adsorb onto this contaminated surface. Furthermore, 
optical grating coupler experiments showed that the typical adsorbed areal 
1 5 density of 1 20 ng/cm 2 forms on contaminated titanium dioxide waveguides 
and that this adsorbed layer of polymer suppresses subsequent serum protein 
adsorption by about 95%. That is, the adsorption and performance 
characteristics of the PLL(375)-g[5.6]-PEG(5) are identical in the case of 
both contaminated and cleaned titanium dioxide surfaces. 
20 Effect of polymer architecture on protein interactions 

Alternative architectures of the polymer were explored for the 
suppression of protein adsorption performance. These architectures included 
brush-like graft copolymers with differing PEG side-chain length, PLL 
backbone length and PEG grafting ratio (see Table 1). The inverted tree-like 
25 dendrimeric PLL having a single PEG side chain attached at the base was 
also investigated. 

Effect of the backbone (PLL) structure on subsequent protein 
adsorption 

The graft copolymer architecture was found to influence the 
30 subsequent serum adsorption suppression. All of the polymers investigated 
demonstrate adsorption on silicon/titanium dioxide surfaces in the areal 
density range of about 150 ng/cm 2 , as shown in Figure 8. Of the two comb 
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copolymers with PEG side chain mol. wt. of 5000, the PLL(375)-g[5.6]- 
PEG(5) demonstrates only a slightly more pronounced suppression of serum 
adsorption, decreasing the observed adsorption by about 90% to 30 ng/cm 2 . 
The graft copolymer with the lower mol. wt., (PLL(20)-g[6.0]-PEG(5)), 
5 decreases the observed protein adsorption from serum exposure by about 
85% to 50 ng/cm 2 . Dendron-5, consisting of a 20,000 mol. wt. PEG with a 
terminus consisting of a five generation lysine dendrimer, was also found to 
adsorb onto silicon/titanium dioxide surfaces in the areal density range of 
120 to 150 ng/cm 2 . Furthermore, this adsorbed polymer layer was found to 
10 decrease the subsequent protein adsorption due to serum exposure by about 
75% to 80 ng/cm 2 . 

Effect of the copolymer grafting ratio on subsequent protein 
adsorption 

The grafting ratio was also found to influence the subsequent serum 
15 adsorption performance. To explore the effect of the grafting ratio on the 
polymer adsorption and subsequent protein resistance behavior, PLL(20)- 
g[3.5]-PEG(2) and PLL(20)-g[5]-PEG(2) were synthesized. These two 
polymers differ only in their respective grafting ratios of 3.5:1 and 5.0:1 (i.e. 
lysine monomer : PEG side chain). As shown in Figure 8, PLL(20)-g[3.5]- 
20 PEG(2) and PLL(20)-g[5]-PEG(2) exhibited adsorbed mass densities of 1 70 
and 190 ng/cm 2 , respectively. However, PLL(20)-g[3.5]-PEG(2) 
demonstrated far greater suppression of protein adsorption (i.e. a 99% 
decrease vs. an 80% decrease for the PLL(20)-g[5]-PEG(2)). In fact, the 
PLL(20)-g[3.5]-PEG(2) demonstrated the greatest suppression of protein 
25 adsorption from serum of all of the polymers investigated in this study. This 
amount of adsorbed mass is approximately of the same magnitude as the 
detection limit of the grating coupler technique (i.e. -1 ng/cm 2 ) (see Table 3). 
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Table 1 Details of synthesis of the different types of PLL-g-PEG. (SBB 
is sodium borate buffer (pH=8.5), and STBB is sodium tetraborate 
buffer (pH=8.5),) All of the molecular weights are in kD. 



Polymer 

PLL(mol. wt. PLL)- 
g[Lysine/PEG side chain]- 
PEG(mol. wt. PEG) 


PLL 


PEG 


PLL(375)-g[5.6]-PEG(5) 


500 mg in lOmL SBB 


2.0 g in 2.5 mL SBB 


PLL(20)-g[6.0]-PEG(5) 


500 mg in lOmL SBB 


2.0 g in 2.5 mL SBB 


PLL(20)-g[3.5]-PEG(2) 


83.6 mg in 1.05 mL STBB 


215.7 mg solid 


PLL(20)-g[5.5]-PEG(2) 


106.8 mg in 1.34 mL STBB 


193.2 mg solid 
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Table 3 The observed adsorbed areal density of polymer, serum, and 
fibrinogen on surfaces modified with various PLL-g-PEG copolymers. 
[Polymer adsorption carried out under 10 mM HEPES Zl, 1 mg/mL 
polymer, 1 mL/hr, T=26°C; serum adsorption, 1 mL/hr, T=26°C; 
fibrinogen adsorption, 10 mM HEPES Zl, 1 mg/mL, 1 mL/hr, T=26°C] 



Surface 


Adsorbed mass of 
PLL-g-PLL 
polymer [ng/cm 2 ] 


Adsorbed mass of 
serum [ng/cm 2 ] 


Adsorbed mass of 
fibrinogen [ng/cm 2 ] 


Unmodified 




270 


451 


PLL(375)-g[5.6]- 
PEG(5) 


133 


30 


85 


PLL(20)-g[6]-PEG(5) 


152 


50 


3 


PLL(20)-g[3.5]- 
PEG(2) 


169 


3 


15 


PLL(20)-g[5]-PEG(2) 


194 


63 


1 



10 



15 



Example 2: Application of Biotin-modified PEG-grafted PLL 

This example refers to the use of biotin-modified PEG-grafted PLL 
for application on chips for bioaffinity sensor assays using the biotin- 
streptavidin-biotin recognition assay. 
Synthesis of the Functionalized, Biotinylated Copolymer 

PLL of mol. wt. 20,000 (Sigma, CH) was dissolved in 50 mM sodium 
tetraborate buffer, pH 8.5 at a concentration of 40 mg/ml. The solution was 
filter sterilized (0.2 jum pore-size filter). Solid n-hydroxysuccinimidyl ester 
of methoxypoly(ethylene glycol) proprionic acid (mol. wt. 2,000) (SPA- 
PEG, Shearwater Polymers Europe, Inc., NL), and -biotin, - 
hydroxysuccinimidyl ester of poly(ethylene glycol)-carbonate (mol. wt. 
3,400) (NHS-PEG-biotin, Shearwater Polymers Europe, Inc., NL) in the 
desired stochiometric ratio were added to the dissolved PLL solution. The 
reaction was allowed to proceed for 6 hr at room temperature, after which the 
reaction mixture was dialyzed (Spectra/Por, MWCO 6-8000, Spectrum, 
Socochim, CH) against phosphate buffer saline (PBS) for 24 hrs and 



66 



WO 00/65352 PCT/US00/1 1 708 

subsequently against deionised water for 24 hrs. The dialyzed solution was 
lyophilized for 48 hrs and stored under nitrogen at -25°C. 

Four PLL-g-PEG polymers PLL(20)-g[3.5]-{(PEG(2)} x {PEG(3.4)- 
biotinj ,. x , with a Lys:PEG ratio of 3.5:1, yielding the greatest suppression of 
5 protein adsorption from serum as shown from Example 1 , and different 

amounts of biotin 0% (x=l),10%a and 10%b (2 polymers) (x=0.9) and 50% 
(x=0.5) of the PEG chains are biotinylated) were synthesized. In the case of 
PLL-g-PEG-Biotin 10%b, the NHS-PEG-biotin was added first and reaction 
allowed for 1 hr before adding the SPA-PEG. Table 4 reports the quantity of 

10 material used. 

Size Exclusion Chromatography 

Size exclusion chromatography analysis of the polymers was 
performed in 0.2 M sodium carbonate/bicarbonate buffer solution pH 10 with 
a Shodex Ohpak column, SB-894HQ (Alltech, Deerfield, IL-USA). 

15 Molecular weights of the different polymers with Lys:PEG of 3.5:1 were all 
in the range of 70 kD. Molecular weights of PLL-g-PEG with Lys:PEG of 
2:1 and 5:1 were approximately 100 kD and 55 kD, respectively. 
Comparative and absolute measurement of the enzymatic activity of 
streptavidin-horseradish peroxidase conjugate immobilized on the 

20 biotinylated PLL-g-PEG polymers 
Substrates 

For this assay, substrates consisted of 20 nm of pure titanium dioxide 
(Ti0 2 ) produced by physical vapor deposition onto a silicon wafer. The 
RMS roughness of the Ti0 2 coating determined via AFM (Bioscope, Digital 

25 Instruments) was 0.3 nm (scanned surface: 5x5 jam 2 ). The wafer was 

sampled into pieces of 1 cm 2 and these were ultrasonically cleaned in acetone 
(uvasol, Merck) and 2-propanol (uvasol, Merck) for 5 min. each, dried under 
nitrogen (5.0) and subsequently cleaned by oxygen plasma (plasma 
cleaner/sterilizer PDC-32G, Harrick) for 3 min. 

30 PLL-g-PEG self-assembly 

Solutions of PLL-g-PEG-OCH 3 , PLL-g-PEG-Biotin(10%a), PLL-g- 
PEG-Biotin(10%b) and PLL-g-PEG-Biotin(50%) were prepared in 10 mM 
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HEPES buffer pH 7.4, at a concentration of 1 mg/ml and filter-sterilized 
(0.22 |iim Durapore Millex, Sigma-CH). Self-assembly of the different 
polymers on Ti0 2 (3 samples per polymer type) proceeded for 90 min. 
Samples were then rinsed extensively with filter-sterilized HEPES buffer pH 
5 7.4 and dried under nitrogen (5.0). Three bare Ti0 2 samples were also 
preserved as references. 

Streptavidin horseradish peroxidase adsorption 

The samples were distributed in a 6-wells plate and covered with 4 ml 
of a solution of streptavidin-horseradish peroxidase conjugate in PBS pH 7.4, 

10 diluted to 1/1000 in HEPES buffer (pH 7.4). (horseradish peroxidase (HRP) 
to streptavidin molecular ratio is 5:1; 400 ng streptavidin / 1200 ng 
horseradish peroxidase). Samples were left for incubation at room 
temperature for 60 min. They were then rinsed extensively with fresh HEPES 
buffer and subsequently with sodium acetate/citric acid buffer pH 6.0. 

1 5 Quantification of the enzymatic activity of the chemisorhed streptavidin 
horseradish peroxidase 

The samples were immediately transferred into individual wells of a 
24-wells plate and incubated at room temperature under gentle shaking in 1.6 
ml of a 0.42 mM solution of 3,3-5, S'-tetramethylbenzi dine (TMB, Merck- 

20 CH) in sodium acetate/citric acid buffer (pH 6.0, containing 0.004 % (v/v) 
H 2 0 2 and 1% DMSO, previously used to dissolve the TMB). A dilution 
series (5k, 10k, 100k, 500k, 1M, 5M, 10M, 50M) of the streptavidin-HRP 
PBS solution in sodium acetate/citric acid was also prepared and incubated 
simultaneously under the same conditions to serve as calibration curve. 

25 After 26 min, as the solutions had visibly turned blue under the enzymatic 
activity of the peroxidase, the solid samples were removed from the solution 
and the reaction stopped by adding 100 ^1 of 2 M H 2 S0 4 . The solution was 
subsequently transferred into disposable cuvettes, and the absorption 
measured at 450 nm (JASCO 7800 UV/Vis Spectrophotometer). 

30 Non-specific protein adsorption of PLL-g-PEG 2:1, 3.5:1, 5:1; mass of 
polymer adsorbed and choice of optimum polymer 

As can be seen from Figure 8, when the PEG interchain spacing D is 
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smaller or equivalent to the PEG radius of gyration, non-specific protein 
adsorption is efficiently prevented. On the contrary, an interchain spacing 
larger than the PEG radius of gyration leads to protein adsorption levels 
comparable to the bare Ti0 2 surface. In addition, one can also note the 
difference in the polymer mass adsorbed, which is higher for the 3.5: 1 PLL- 
g-PEG compared to the 2:1 PLL-g-PEG. This is probably related to the 
fewer anchoring -NH 3 + groups available in the 2:1 polymer since a larger 
number of these side chains have been derivatized with PEG. Although the 
mass of polymer adsorbed at the surface of the waveguide is lower, the 
density of PEG chains is probably high enough to lead to chain overlapping 
and hence sufficient to yield a protein repellent PLL-g-PEG-methoxy 
interface. Nevertheless, one can argue that the lower polymer mass adsorbed 
as well as the fewer anchoring points in this polymer could be detrimental to 
the stability of the interface. Therefore, the PLL-g-PEG-methoxy polymer 
with a Lys:PEG ratio of 3.5:1 seems to be an optimum in our PLL-g-PEG 
polymer series. 

As can be seen from Figure 9, activity of the peroxidase on the 
different surfaces ranks as follows: PLL-g-PEG-methoxy « Ti0 2 < PLL-g- 
PEG-Biotin 50% < PLL-g-PEG-Biotin 10%a < PLL-g-PEG-Biotin 10%b. In 
parallel, from the grating coupler results, the mass of streptavidin adsorbed 
ranks as follows: PLL-g-PEG-methoxy (mass below the detection limit) < 
PLL-g-PEG-Biotin 10%a (mass < 33ng/cm 2 ) < PLL-g-PEG-Biotin 10%b 
(mass < 99 ng/cm 2 ) < Ti0 2 (mass < 160 ng/cm 2 ) < PLL-g-PEG-Biotin 50% 
(mass < 283ng/cm 2 ). The extremely low peroxidase activity level on the 
PLL-g-PEG-methoxy (close to background noise, see Figure 4) shows that 
almost no streptavidin adsorbed on the surface. 

As the biotin content increases, the activity levels of the peroxidase is 
significantly increased, as can be seen for PLL-g-PEG-biotin 10%a and - 
1 0%b. Further increase in the biotin content (-50%) leads to a marked 
decrease in the peroxidase activity, although the mass of streptavidin 
adsorbed is higher. At this stage, the high content of biotin at the surface 
probably drives the unfolding of streptavidin, thus leading to lower activity. 
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Alternatively steric hindrance of the enzyme molecules as a consequence of 
too high biotin density may be the cause for this observation. Finally, the 
bare surface shows less streptavidin adsorption in comparison to the 50% 
biotin case, and also lower peroxidase activity, implying that the non- 
5 specifically adsorbed streptavidin is also unfolding at the surface of the Ti0 2 
chip thus lowering the activity of the enzyme. 

Specific detection of streptavidin on PLL-g-PEG-biotin modified chips using 
the grating coupler technique 

1 0 mM HEPES (pH 7.4) buffer solution and Si0 2 -Ti0 2 waveguides 

10 (Microvacuum Ltd, H) were used for all of the experiments (details: see 

section 6.1 .2). The modified waveguides were prepared in situ by exposing 
the waveguides to 50 jug/ml PLL-g-PEG-biotin polymer solution for twenty 
minutes in a flow 7 cell apparatus, followed by rinsing with buffer. Then the 
PLL-g-PEG-biotin modified waveguides were exposed to Control Serum N 

1 5 (human) (Roche, CH) for thirty minutes and then washed in buffer. At the 
end of the measurement selectivity was tested with 1 mg/ml streptavidin 
(SIGMA, USA) for 20 minutes followed by a rinse with buffer. Mass data 
were calculated from the thickness and refractive index values derived from 
the mode equations (see section 5.2). All experiments were conducted in a 

20 BIOS-I instrument (ASI AG, Zurich, CH). 

The first part of the experiment, shown in Figure 10 demonstrates the 
protein resistant behavior of the treated oxide surface. Waveguides coated 
with the PLL-g-PEG-biotin exhibit protein adsorption of less than 2-3 
ng/cm 2 after exposure to human blood serum. This value is two-hundred- 

25 fold lower than the adsorption seen on untreated waveguides. The second 
part of the experiment demonstrates the specificity of the sensor. A 
monolayer of streptavidin quickly and irreversibly adsorbs onto the same 
PLL-g-PEG-biotin functionalized surface after exposure to a 1 mg/ml 
streptavidin solution. Figure 1 1 shows the amount of PLL-g-PEG-biotin 

30 adsorbed onto the chip surface and the amount of streptavidin subsequently 
adsorbed onto the PLL-g-PEG-biotin covered chip surface for three different 
biotin concentrations in the PLL-g-PEG-biotin molecule (see Table 5). It is 
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obvious that the modified polymer adsorbs onto the chip surface and shows 
an excellent specificity in the subsequent streptavidin sensing assay. 
Furthermore, the amount of streptavidin specifically detected is related to the 
degree of biotinylation. The relation between the amount of streptavidin 
5 detected and the biotin surface concentration is linear within the 

experimental error and in the range of biotin concentrations tested, as shown 
in Figure 12. 



Table 4. PLL quantity and stoichiometric amounts of solid NHS-PEG- 
biotin and SPA-PEG. 



Polymer 


PLL 

(MW 20'000) 


PEG-CH, 
(MW 2000) 


PEG-biotin 
(MW 3400) 


Lys:PEG 
expected 


PLL-g[2]-PEG-OCH, 


27.2 mg; 1.36 nmol 


123 mg; 65.1 ^mol 




2 


PLL-g[3.5]-PEG-OCH, 


83.6 mg; 4.18 |amol 


215.7 mg; 1 14 \xmol 




3.5 


PLL-g[5]-PEG-OCH, 


106.8 mg; 5.34 
(imol 


193.2 mg; 102 [imol 




5 


PLL-g[3.5]-PEG-Biotin 
10%a 


39.5 mg; 1.98|imol 


92 mg; 48.7 nmol 


18.6 mg 5.4 (imol 


3.5 


PLL-g[3.5]-PEG-Biotin 
10%b 


39.5 mg; 1.98|imol 


91.9 mg; 48.7 fxmol 


18.6 mg 5.4 (amol 


3.5 


PLL-g[3.5]-PEG-Biotin 
50% 


32.3 mg; 1.62 ^imol 


42 mg; 22.2 |j.mol 


76 mg; 22.1 (imol 


3.5 
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Table 5. Integration values for m-PEG and PEG-biotin. The PLL unit 
to PEG chains ratio is estimated from the ratio of the integration value 
of the methyn proton (N-CHR-CO) of the lysine monomer unit to the 
sum of the proton-weighted integration values of the terminal methoxy 
protons (0-CH 3 ) from the m-PEG chains and the methylene protons (- 
CH 2 -C(0)N-) from the biotin-PEG. The relative amounts of m-PEG and 
PEG-Biotin are estimated from the same respective integration. 



Polymer 


Lys:PEG 


PEG-CH-, content [%] 


Biotin content 

[%3 


PLL-g[2]-PEG-OCH 3 


2.06 


100% 


0 


PLL-g[3.5]-PEG-OCH 3 


3.43 


100% 


0 


PLL-g[5]-PEG-OCH 3 


5.48 


100% 


0 


PLL-g[3.5]-PEG-Biotin 
10%a 


3.9 


87 - 90% 


10- 13% 


PLL-g[3.5]-PEG-Biotin 
10%b 


3.4 


86 - 98% 


11 - 14% 


PLL-g[3.5]-PEG-Biotin 50% 


3.1 


45 - 49% 


51-55% 
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1 . A method for reducing adsorption to charged surfaces or substrates 
comprising 

applying a polyionic multifunctional copolymer to a substrate or 
support having a charge on the surface opposite to the charge of the 
copolymer, 

wherein the polyionic multifunctional compolymer comprises non- 
interactive polymer sidechains grafted onto a charged polyionic polymeric 
backbone. 

2. The method of claim 1 wherein the substrate or surface comprises a 
material selected from the group consisting of metals, metal oxides, 
inorganic materials, organic materials, and charged polymers. 

3. The method of claim 1 where the polymeric backbone has a cationic 
charge at a pH greater than 4. 

4. The method of claim 3 wherein the polymeric backbone comprises a 
cationic backbone selected from the group consisting of polymers 
comprising amino acids containing side group imparting a positive charge to 
the backbone at pH greater than 4, polysaccharides, polyamines, polymers of 
quarternary amines, and charged synthetic polymers. 

5. The method of claim 4 wherein the cationic backbone comprises one 
or more units selected from the group consisting of lysine, histidine, arginine 
and ornithine in a D-, L- or DL configuration, chitosan, partially deacetylated 
chitin, amine-containing derivatives of neutral polysaccharides; 
poly(aminostyrene), poly(aminoacrylate), poly (N-methyl aminoacrylate), 
poly (N-ethylaminoacrylate), poly(N,N-dimethyl aminoacrylate), poly(N,N- 
diethylaminoacrylate), poly(aminomethacrylate), poly(N-methyl amino- 
methacrylate), poly(N-ethyl aminomethacrylate), poly(N,N-dimethyl 
aminomethacrylate), poly(N,N-diethyl aminomethacrylate), 
poly(ethyleneimine), poly(N,N,N-trimethylaminoacrylate chloride), 
poly(methyacrylamidopropyltrimethyl ammonium chloride), 
polyethyleneimine, polyamino(meth)acrylate, polyaminostyrene, 
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polyaminoethylene, poly(aminoethyl)ethylene, polyaminoethylstyrene, and 
N-alkyl derivatives thereof. 

6. The method of claim 1 where the polymeric backbone has an anionic 
charge at a pH greater than 4. 

7. The method of claim 6 wherein the anionic backbone comprises a 
polymer selected from the group consisting of polymers comprising amino 
acids containing pendant charged groups imparting a negative charge to the 
backbone at pH greater than 4, polysaccharides, and charged synthetic 
polymers with pendant negatively charged groups. 

8. The method of claim 7 wherein the anionic backbone comprises one 
or more units selected from the group consisting of polyaspartic acid, 
polyglutamic acid, alginate, carrageenan, furcellaran, pectin, xanthan, 
hyaluronic acid, heparin, heparan sulfate, chondroitin sulfate, dermatan 
sulfate, dextran sulfate, poly(meth)acrylic acid, oxidized cellulose, 
carboxymethyl cellulose and crosmarmelose, maleic acid polymers, and 
fumaric acid polymers. 

9. The method of claim 1 wherein the non-interactive polymer is 
selected from the group consisting of poly(alkylene glycols), poly(alkylene 
oxides), neutral water-soluble polysaccharides, polyvinyl alcohol, poly-N- 
vinyl pyrrolidone, phosphoryl choline derivatives, non-cationic 
poly(meth)acrylates and combinations thereof. 

10. The method of claim 1 where the non-interactive polymers are fully 
or partially modified at or near the terminal end of the polymers with reactive 
groups suitable for further functionalization. 

1 1 . The method of claim 1 0 wherein the reactive groups are selected from 
the group consisting of hydroxy (-OH), carboxy (-COOH), ester (-COOR), 
thiol (-SH), N-hydroxy-succinimidyl, maleimidyl, quinone, vinylsulfone 
groups, and combinations thereof. 

12. The method of claim 1 where some or all of the non-interactive 
polymers are partially or fully functionalized at or near the free terminal 
position of the non-interactive polymer with a functional molecule which 
will specifically recognize and interact with target molecules. 
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13. The method of claim 12 wherein the functional molecule is selected 
from the group consisting of protein ligands, polynucleotides, carbohydrate 
or sugar ligands, simple organic molecules, and combinations thereof. 

14. The method of claim 13 wherein the functional molecule is biotin. 

15. The method of claim 2 wherein the material has a negative charge 
and is selected from the group consisting of oxides, nitrides, carbides or 
borides with isoelectric points below 9, polymers having a net negative 
charge and materials having a negative charge introduced by a surface 
pretreatment. 

16. The method of claim 15 wherein the material forming or coating the 
substrate, chip or device is selected from the group consisting of tantalum, 
niobium, titanium, hafnium, silicon, iron and chromium oxides; iron, 
chromium, steel, tantalum, niobium, titanium, hafnium, gold, and silver 
which either carry a negative charge at the pH used due to the presence of 
native oxide films or which have been treated to induce a negative charge to 
the material. 

17. The method of claim 2 wherein the material has a positive charge and 
is selected from the group consisting of oxides that have an isoelectric 
point (IEP) above 5, polymers having a net positive charge and oxides, 
metals or polymers that have been treated to impose a positive charge onto 
the surface at the pH of greater than 4. 

1 8. The method of claim 1 7 wherein the material forming or coating the 
substrate, chip or device is selected from the group consisting of iron, 
chromium, steel, tantalum, niobium, titanium, hafnium, gold or silver which 
either carry a positive charge due to the presence of native oxide films, or 
which have been surface treated to induce a positive charge to the material. 

19. The method of claim 12 comprising exposing the functionalized 
copolymers to analyte which is bound by the functional group in a fluid 
phase followed by adsorption of the functionalized copolymer entity onto a 
substrate or surface. 

20. The method of claim 12 comprising exposing the functionalized 
copolymers to analyte which is bound by the functional group, wherein the 
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functionalized copolymers are adsorbed onto a substrate or surface before or 
after binding the analyte. 

21. The method of claim 12 comprising applying the non-interactive 
polyionic multifunctional copolymers to a surface or substrate in, on, or 
forming an analytical or sensing device having a charge on the surface or 
substrate opposite to the charge of the copolymer, 

wherein some of the non-interactive polymer side chains are 
functionalized with a functional moiety which will specifically recognize and 
interact with target molecules and some of the non-interactive polymer side 
chains are not functionalized. 

22. The method of claim 21 wherein the functionalized and non- 
functionalized copolymers are applied sequentially. 

23. The method of claim 22 wherein the functionalized copolymers are 
adsorbed to the substrate or surface and exposed to analyte, then non- 
functionalized copolymers are adsorbed to the substrate or surface. 

24. The method of claim 12 wherein the functional molecule is attached 
to the substrate or surface by physisorption or chemisorption. 

25. The method of claim 12 wherein the functional molecule is attached 
to the substrate or surface by covalent, chemical binding. 

26. The method of claim 12 wherein the surface is patterned with areas 
with adsorbed, non-modified and/or non-functionalized polyionic copolymer 
and areas with adsorbed modified or functionalized polyionic copolymer. 

27. The method of claim 26 where the patterns have dimensions parallel 
to the surface in the millimeter, micrometer or submicrometer range. 

28. The method of claim 26 where the patterning is done by fluidic, 
micro fluidic, stamping or microcontact printing. 

29. The method of claim 26 wherein the polyionic copolymer is applied 
to the substrate or surface, then functional molecule is bound to the 
copolymer in a defined surface pattern by fluidic, microfluidic, stamping, 
microcontact printing or ink-jet techniques. 

30. The polymeric coated substrate or surface formed by the method of 
any of claim 1-29. 
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3 1 . The polymeric coated substrate or surface formed by the method of 
any of claim 1-29 applied to a surface or substrate in, on or forming a device 
or material for use in cell culture, purification of materials from cell culture, 
bioassays, implantation in a patient as a stent, catheter, prosthetic, implant, or 
graft, and analytical or sensing devices. 

32. The use of the polymeric coated substrate or surface of claim 30 for 
qualitatively or quantitatively measuring or detecting analyte. 

32. The use of claim 3 1 wherein the analyte is selected from the group 
consisting of polynuleotides, peptides, proteins, carbohydrates, sugars and 
glycoproteins. 

33. The use of claim 3 1 wherein the amount of analyte immobilized at 
the polyionic copolymer coated substrate or surface is determined by 
measuring electromagnetic radiation using a method like absorption, 
scattering, emission, thermal phenomena or combinations thereof. 

34. The use of claim 33 wherein the method using waveguides. 

35. The use of claim 34 wherein the waveguide comprises one or more 
optical coupling elements for incoupling excitation light to the waveguide. 

36. The method of claim 35 wherein the optical coupling elements are 
selected from the group consisting of prism couplers, evanescent couplers 
comprising joined optical waveguides with overlapping evanescent fields, 
end face couplers with focusing lens, preferably cylindrical lens located 
adjacent to the waveguide and gating couplers and combinations thereof. 

37. The method of claim 36 wherein the optical coupling elements are 
diffractive gratings selected from the group of relief gratings with any profile 
such as rectangular, triangular or sinusoidal profile, and phase gratings or 
volume gratings with a periodcal modulation of the refractive index in the 
waveguide and combinations thereof. 

38. The method of claim 37 wherein one or more of the optical coupling 
elements are diffractive relief gratings with a rectangular profile. 

39. The use of claim 33 wherein analyte is detected using a continuous 
type of process. 
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40. The use of claim 33 wherein the functionalized polyionic copolymer 
is applied in a pattern, and detection is localized to specific areas of the 
pattern. 

41. The use of claim 40 wherein the pattern includes regions of different 
functional molecules for detection of multiple analytes. 

42. The use of the polymeric coated substrate or surface of claim 30 to 
modify cell to surface interactions on a polymeric, metal, metal oxide or 
other surface. 

43. The use of claim 42 wherein the substrate is selected from the group 
consisting of materials for performing assays, materials for cell culture or 
purification of materials from cells, and devices and prosthetics for 
implantation into a patient. 

44. The use of claim 43 wherein the device is a stent, catheter, graft, 
prosthetic, or implant. 
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